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This study examined the effects of data-based astrophysical 3D models delivered via 
computer based interactions, virtual reality, and 3D prints, on spatial reasoning skills 
and interest in science, technology, engineering, and mathematics (STEM) for females 
aged 9-12, in particular from underrepresented groups. Underrepresented, or 
underserved, audiences refer to the demographic status of, and the services that are 
offered or presented to, segments of a community, typically not currently being served 
within a larger population that might benefit from such services (Williams et al., 2009). 
Research to date has not focussed on the development of STEM interests and spatial 
reasoning skills of young females, particularly at the time when such young learners are 
forming potential identities in or with STEM and beginning to think about educational 
and career-related options. STEM interest has been shown to be a critical component of 
developing a STEM identity, and can be intertwined with issues of confidence and self-
efficacy for young female learners (see e.g., Bian et al., 2017; Blotnicky et al., 2018; 
Fouad, & Smith, 1996; Simpkins et al., 2006).  Mental manipulation and understanding of 
2D or 3D objects has been posited as an important STEM skill, helping to indicate future 
mathematical success, science performance, and potential pursuit of STEM careers 
(Ganley et al., 2014; Hegarty & Waller, 2005; Rafi et al., 2005; Uttal & Cohen, 2012; 
Verdine et al., 2014).   
A mixed methods design was used for this research. In Study 1, a qualitative approach 
examined potential obstacles to and challenges in working in STEM field for females 
from underrepresented groups. Unstructured interviews with 11 adult females 
representing diverse groups and various STEM careers yielded important historical 
perspectives, along with recommendations for building STEM careers for young females 
today. The recommendations from Study 1 generated three areas that informed the 
development of Study 2: the critical role of having a strong mentor, role model, or 
support system in place along the STEM pathway; the need to work with and engage 
females in STEM activities and subjects when they are as young as possible, preferably 
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while in primary/elementary school; and the importance of developing a sense of STEM 
self-efficacy in young females.  
Study 2 was a quantitative study that investigated the overall research question. 
Participants were three different groups of young female learners (n = 100), ages 9 -12. 
The participants worked directly with data-based astrophysical 3D models, in short term 
interventions in formal and informal educational workshop settings. The interventions 
concatenated concepts driven by current astrophysical data models, providing authentic 
learning experiences in full and half day formats through coding, 3D modeling, 3D 
printing and virtual reality, and delivered by women researchers in STEM.  The results 
showed that such interventions that utilized real world data manipulations and 3D 
applications as part of hands-on activities significantly increased STEM interest for the 
participants from underserved groups. Results were not significant for increasing spatial 
ability.  
The results are discussed in terms of the need to extend exposure to STEM activities and 
interventions for females younger than middle school, especially in underserved areas, 
to encourage interest and self-confidence in further STEM education and future careers. 
The research also offers recommendations on how to better approach the evaluation of 
and potential improvement of spatial reasoning skills that take into consideration age 
and cognitive appropriateness.  This study holds promise for helping to engage young 
and underserved females who might otherwise not have confidence in their abilities or 
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1 Chapter 1. Introduction 
 
Introduction 
This chapter will address the background and origins of the study to investigate the 
quantifiable effects of data-based 3D models on improving spatial reasoning skills and 
interest in STEM (science, technology, engineering, and math) fields in under-
represented groups of young female learners. This chapter begins by describing the 
researcher’s experiences and interests in relation to the study question, then expands 
into a brief discussion of the issue at hand. The significance of the research is then 
presented. The chapter concludes with the outlined structure of the thesis and a list of 
frequently used or notable terms.  
Background 
At seven years old, I proudly announced to my parents that I was going to be an 
astronaut when I grew up. Even though they could not drag me on an amusement park 
ride more adventurous than a bumper car, my parents apparently thought it best not to 
discourage me. I had one of those little white plastic Space Shuttle models with a 
working cargo bay, and for months I would fly it around my room and make up pretend 
missions with pink and blue Care Bears serving as the crew.  Alas, I finally realized that 
with such a sensitive stomach, being an astronaut was not the career for me. However, 
with a supportive family and plentiful resources in my school district, I remained 
committed to working in science. 
 I completed undergraduate work in biology, specifically molecular biology and 
parasitology. My interests at the time were focused on bacteria and disease. I was 
looking through a microscope, at subjects like Ixodes Scapularis (the deer tick) and the 
spirochaetes that can be transmitted from the stomach of ticks to the human blood 
stream, potentially leading to Lyme disease. But as I neared completion of that degree, 
which I had quite honestly struggled a bit through, I found that I was more attracted to 
the computer as a tool for science than I was to any bugs or bacteria. I transitioned into 
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a computer science graduate program after finishing biology, and would continue on to 
work on the technical side of a NASA space-based mission for over two decades.  
 Working at this junction of computer science and physics as a young entry-level 
woman in the late 1990’s and early 2000’s was daunting at times. I recall attending a 
technology-based conference when I was 23 where I felt incredibly out of place as one of 
the only young women there among hundreds of participants. At science conferences 
and meetings I occasionally had to listen to remarks about my appearance, which would 
leave me feeling that I did not quite belong, even though I had a supportive team back 
home at my place of work as well as in my personal life. Again, the solid support 
structure around me kept me anchored in my STEM goals.  
 Fast forward a little over a decade and I had taken a much more active role 
presenting the scientific and technological concepts that I worked on with many groups 
in my local communities to improve communications with different audiences and 
promote access points to the data.  One such presentation was for my 10-year old 
daughter’s 5th grade class, where I discussed how stars in the Universe evolve, providing 
a hands-on activity using origami to help demonstrate how massive stars can “unpack.”  
One of my daughter’s classmates came up to me after the activity and said, “I didn’t 
know mommies could be scientists.”  It was 2015. That simple statement from a young 
girl about to enter middle school, where a series of placements and decisions would (at 
least partially) encourage – or discourage - her on a career path, greatly affected me. 
Though I had been working with young female learners on and off for a good portion of 
my career, I realized then that I wanted to, needed to, learn much more. 
 In one of my areas of expertise, computer science (Arcand, 2016), researchers have 
noted that computer science is the only STEM pathway that has had a decrease in the 
number of women obtaining undergraduate degrees since 2002 (Larson, 2014). In my 
other field, astronomy, the American Astronomical Society Committee on the Status of 
Women in Astronomy reported that as of 2013, there were only 95 female full 
professors in astronomy in the U.S. as compared to 548 male full professors of 
astronomy (Hughes, 2014). More generally, women made up only about 24% of the U.S. 
STEM workforce as of 2015 (Noonan, 2017), an improvement from the 7% reported in 
1970, but still far from parity. UN Women reported, from studying data on 14 different 
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countries, that female students graduate with a Bachelor’s degree, Master’s degree, and 
Doctoral degree in science-related fields at levels of 18%, 8%, and 2% respectively, as 
compared with 37%, 18% and 6% respectively for male students (Luchsinger, 2017). 
 There are many reasons as to why more women are needed in STEM, including 
better job security and pay for women (Langdon et al., 2011), which can have particular 
impact on the economic stability levels of families (e.g., Anderson, 2016). Beyond equity 
of representation or issues of economics lie more subtle reasons for improving girls’ 
interest in and potential prospects in STEM fields. From improving critical thinking skills 
(Duran & Sendag, 2012) to making up well-informed citizenry (Marincola, 2006), STEM 
issues affect people in the voting booth, in government, in finance, and in the world as a 
whole. What problems need solving, for whom they are solved, and how they are solved 
with and in STEM fields is an issue in which all people should participate. 
Targeting Spatial Reasoning 
Spatial reasoning, the ability to mentally manipulate 2- or 3-dimensional objects to 
visualize what the objects represent, is currently understood as a critical skillset for a 
majority of STEM fields. It has long been considered an indicator of success in technical 
fields, dating back to early 20th century spatial testing on mechanical skills (Shah & 
Miyake, 2005). Studies have shown that such skills can function as early indicators of 
later mathematical success (Hegarty & Waller, 2005; Verdine et al., 2014) and of science 
performance (Uttal et al., 2013), as well as the pursuit of STEM careers more generally 
(Uttal & Cohen, 2012). Students in middle school classes (ages 11-15) who can 
successfully complete mental rotations (such as the Tetris block rotation) have been 
shown to have a higher probability of performing well in science classes, as compared 
with those learners who cannot (Ganley et al., 2014). The ability to engage in spatial 
reasoning can, therefore, be an important predictor of achievement in STEM (Dewar, 
2018; Uttal et al., 2013; Wai et al., 2009).  
 Most researchers support the argument that there are differences between males 
and females in spatial skills, with females exhibiting delayed development (Linn & 
Petersen, 1985; Maccoby & Jacklin, 1974; Voyer et al., 1995; Yilmaz, 2009). However, 
there is not a consensus on any explanation for this (Linn & Petersen, 1985; Maccoby & 
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Jacklin, 1974; Voyer et al., 1995; Yilmaz, 2009). Delays in the development of spatial skills 
in females have been attributed to a variety of factors ranging from biological, such as 
hormone differences, to sociological or cultural norms (Yilmaz, 2009).  As this is the 
introduction the groundwork is being layed for this issue, see sections x.x for further 
detail.,   
 A growing body of evidence indicates that spatial skills can be improved through 
targeted programs (Gold et al., 2018; Hwang et al., 2009; Uttal et al., 2013; Yeh, 2007). 
Hwang and Hu (2013) noted that virtual environments can combine observation and 
manipulation for learners to improve spatial reasoning skills by providing hands-on 
digital learning tools and problem-solving activities.  The extant literature is not clear, 
however, on the baseline time limits for such interventions on young female learners. 
This is further addressed in section xx page xx.  
 One type of virtual environment includes three-dimensional (3D) modeling, which 
has become increasingly useful in STEM fields, from chemical compounds and 
molecules (Bergwerf, 2018), to anatomical representations (BioDigital, 2018), to 
geographic models of Earth (Cesium, 2018). 3D modeling provides a vehicle to represent 
and understand scientific data (Khine & Salehm, 2011), particularly when both experts and 
non-experts are able to manipulate models and gain new perspectives on the data they 
explore (Amorim et al., 2015; Berra et al., 2014; Craig, Michel, & Bateman, 2013).  
Although interacting with scientific 3D data on a computer screen can be powerful, 
the ability to create a physical manifestation of a model through 3D printing can take 
things a step further. One of the most popular methods of 3D printing involves additive 
manufacturing on demand, whereby a material (e.g., sugar, plastic, titanium) is 
continually added in layers to create an object. Known as fused deposition modeling 
(FDM), this method has become increasingly more accessible and affordable to 
consumers over the past 5 years, and has been recognized as having potential for non-
experts to work with and learn from 3D models (Takagishi & Umezu, 2017). 
 As a technologist from NASA’s Chandra X-ray Observatory, I collaborated with the 
Massachusetts Institute of Technology, Harvard University, and Smithsonian Institution 
specialists in 3D modeling and printing, generating the first-ever 3D print of a supernova 
remnant using data of Cassiopeia A (Cas A). This unique 3D model, which is freely 
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available for download (see http://chandra.si.edu/3dprint), has been printed and shared 
with numerous U.S. schools, libraries, Maker Spaces, STEM programs such as Girls Who 
Code and Girls Get Math, groups of blind and visually impaired persons, members of the 
Smithsonian Advisory Board, the Smithsonian Secretary, and key politicians such as U.S. 
Senators Harry Reid, Jack Reed and others. 
 Rough analyses for preliminary evaluation data (Arcand, 2017b) of self-selected 
surveys for a small data set (n = 15) of the Cas A model usage amongst American youth 
populations (middle school to early high school) have shown that such data 
representation can lead to learning gains and increased interest in astronomy and 
NASA. This thesis builds on this potential, in particular with female youths. This study 
explores the outcomes of working with such cutting-edge materials with female youth 
populations in formal and informal learning environments. 
Research Questions 
As this thesis concerns young females, especially those in groups who area considered 
underrepresented, whether by gender, socioeconomic status, special needs/disability, 
ethnicity/race, income, language, literacy skills, and/or geographic location, it was 
necessary to gain perspective on possible historical or sociological reasons for young 
women typically being less engaged with STEM subjects than are young men. Women in 
STEM have been studied in the literature, but personal recollections have not been 
examined in light of those recollections as informing current practice. Therefore, Study 1 
(qualitative) was designed to address and explore those potentially important historical 
perspectives to help inform the design of Study 2 (quantitative), which involved working 
directly with young women. The research questions were: 
 Study 1:  
Specific to STEM fields, what are some of the obstacles and challenges that female-
identifying underrepresented groups can face? 
 Study 2:  
What are the quantifiable effects of data-based 3D models and prints on spatial 




 Research to date has not focussed on female learners, especially those at an age 
when they are on the cusp of making educational and career decisions concerning STEM 
fields. Therefore, this study research used a targeted program designed to assess and 
potentially improve spatial reasoning skills and interest in STEM fields, using the Cas A 
3D data-based model and 3D printing with females aged 11-15. The program was 
conducted in both formal and informal learning environments, to explore effects on 
spatial reasoning abilities and interest in STEM fields for underrepresented young 
females. 
Significance of the Research 
As mentioned, this research is significant for several reasons. Extant literature has not 
focussed on the development of STEM interests and spatial reasoning skills of 
underrepresented young female learners, particularly at the time when such young 
learners are forming potential identities in or with STEM, and beginning to think about 
educational and career-related decisions.  Spatial reasoning skills are, as noted 
previously, a very important tool in the learner’s toolbox.  The amount of time necessary 
in interventions to impact spatial reasoning skills for such populations also requires 
examination.  
 This thesis focuses on specific content areas of astrophysics and computer science, 
but also incorporates technologies that are more frequently available in formal and 
informal learning environments in recent years: 3D printing and virtual reality (or other 
types of extended reality (XR)).   The available research at the intersection of 
astrophysics and computer science with emerging technologies for populations of 
underrepresented female youths is not plentiful.  Investing in younger and underserved 





This introduction lays the groundwork for the thesis, including the background, purpose 
and personal context for two studies that investigate the potential effects of using NASA 
3D data-based models on spatial reasoning skills and STEM interest in young female 
learners. 
Chapter 2 
Chapter 2 provides background information and a review of the literature behind the 
development of data-driven 3D scientific models, issues concerning women in STEM 
fields, and spatial reasoning skills. 
Chapter 3 
The third chapter describes the researcher’s rationale for conducting a thesis with mixed 
methodologies, utilizing qualitative research for Study 1 to then inform the quantitative 
research for Study 2. It also provides detail of the instruments and procedures used to 
collect the data. 
Chapter 4 
Chapter 4 presents the qualitative and quantitative data and results for the two studies.  
Chapter 5 
The fifth chapter provides a summary of the thesis and main findings, discussion of the 
analyzed data and results, contributions to the literature, limitations of the studies, and 
reflections and suggestions for future research. 
Definitions of Terms & Acronyms 




Creation of a physical copy of a 3-dimensional model, 
typically by a process of additive manufacturing on demand, 
in which a type of material, for example, plastic, metal, or 
sugar, is continually added by layer in order to formulate the 
object (Arcand et al, 2017). 
Augmented reality 
(AR) 
A virtual environment that provides the user with an 
enhanced version of reality (Azuma, 1997), for example, 
when digital materials are added over a typical view of a 
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person, place or thing.  Pokemon Go and Snapchat filters are 
two examples of popular AR-enhanced applications. 
Binary code A system that uses two digits (1 and 0) to represent 
information, like an “on” and “off” position of a switch. 
Black hole 
 
A dense, compact object whose gravitational pull is so strong 
that — within a certain distance of it — nothing can escape, 
not even light. Black holes are thought to result from the 
collapse of certain very massive stars at the ends of their 
evolution (Arcand et al. 2019; see also 
chandra.si.edu/resources/glossary.html). 
Cassiopeia A (Cas A) 
 
The remains of a star that ran out of nuclear fuel, collapsed, 





Usually characterized as a closed round or cube-shaped 
room with a ring of high-resolution projectors creating a VR 
environment that interacts with small headsets worn by the 
viewers, and the software controlling the application (Juarez 




Where the mission for the Chandra X-ray Observatory is run, 
based out of Cambridge, Massachusetts, U.S.A., as part of the 
Center for Astrophysics | Harvard & Smithsonian. 
Chandra X-ray 
Observatory (CXO) 
A NASA space satellite that explores X-ray light from the 
Universe including supernova remnants, black holes, colliding 
galaxies, etc. (Tucker, 2017; Wilkes & Tucker, 2019). 
Electromagnetic 
spectrum (EMS) 
The full range of light, including radio waves, infrared light, 
microwaves, optical light, ultraviolet radiation, X-rays and 
gamma rays.  
Extended reality (XR) Umbrella term that describes the combined category of 
virtual reality, augmented reality, and mixed reality 
environments. 
NASA National Aeronautics and Space Administration. 
Simulator sickness 
(SS) 
A feeling of illness similar to motion sickness that results 
from a virtual environment. 
Spatial ability How individuals “mentally represent and manipulate spatial 
information to perform cognitive tasks” (Hegarty & Waller, 
2005, p. 138). 
Spatial reasoning Spatial reasoning skills cover both spatial visualization and 
spatial orientation that relate to mental rotation skills and 
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 also orientation as aligned to the individual’s self or 
perspective (Hegarty & Waller, 2005).  
STEM Science, technology, engineering, and math – can be applied 
to fields of study, subjects, careers. 





Demographic status of, and the services that are offered or 
presented to, a particular group; a segment of the 
community that is not currently being served by an 
organization that might benefit from such services (Williams 
et al., 2009). 
Universal design 
(UD) 
A set of principles for designing inclusive and accessible 
materials that can be used by everyone, in that all users 
benefit (Luna, n.d.). 
Virtual reality (VR) 
 
A technology that simulates a participant's physical self in 
computer-generated environments that adjust to the user’s 
presence to provide a sense of immersion (Faisal, 2017; 
Johnson, 2016).  
 
Summary 
This chapter presented the background and origins of the study to investigate the 
quantifiable effects of data-based 3D models on improving spatial reasoning skills and 
interest in STEM topics with under-represented groups of young female learners, 
including the researcher’s experiences and interests in relation to the study questions. It 
provided an overview of the significance of the research, outlined the structure of the 
thesis chapters, and concluded with a list terms and acronyms used in the thesis. The 
next chapter provides a review of the literature behind the development of data-driven 
3D astrophysical models being used in the study, spatial reasoning skills, and specific 
issues concerning women in STEM fields. 
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2 Chapter 2. Literature Review 
 
 Background & Literature Review 
This thesis investigates the effects of data-based 3D models and prints on spatial 
reasoning skills and interest in STEM in underrepresented groups of young female 
learners, where underrepresented refers to a segment of a community that is not 
currently being served equally or in proportion to need (Williams et al., 2009). It is 
recognized that those who identify as female can belong to multiple sub groups of 
learners that are considered to be in the minority. It is also acknowledged that issues of 
intersectionality, how the interconnected nature of identities combine, can contribute to 
being disadvantaged and cannot be separated from individuals (Crenshaw, 1991). 
Additionally, it is recognized that among potential cultural biases, stereotype threats, 
and/or issues with group and personal identities, there is not any single or simple “fix” 
for the lack of parity in STEM fields, nor do the young learners need “fixing.”  As such, the 
primary research question for this thesis is:  
What are the quantifiable effects of data-based 3D models and prints on spatial 
reasoning skills and interest in STEM fields, particularly with young female 
learners? 
 This research question will be explored with a quantitative study. The secondary 
research question, addressed with a qualitative study to help inform the quantitative 
study, is: 
Specific to STEM fields, what are some of the obstacles and challenges that female-
identifying underrepresented groups can face? 
 This chapter begins with background information on the processing of 
astrophysical data to create data-based 3D visualizations to provide an outline of the 
importance of taking audience into account when translating such scientific data, and 
elucidating the choices necessary to create those data representations to provide 
context and transparency. The chapter then reviews the literature regarding the 
development of data-driven 3D astrophysical models, spatial reasoning skills, and 
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specific issues concerning female-identifying participants in STEM fields. Reviewing these 
concepts was critical for the investigation of the research question. 
  Background 
 Astronomy Data: A Universe of 1’s and 0’s  
For millennia, humanity has looked up to engage with the stars. During much of that 
time, human eyes and hands were the main tools available to record or interpret such 
celestial information, whether through a petroglyph (rock carving) of an ancient sighting 
of an exploded star (Than, 2006), or a modern painting of a starry night (Temkin, n.d.). 
Figure 2.1  
Visualizing the Universe: Cave Paintings and Art 
 
Note. Left: A petroglyph in White Tanks Regional Park, AZ that is thought to show 
Supernova 1006 (star symbol to right of center) among the constellation Scorpius. 
Credit: John Barentine, Apache Point, Observatory. (Than, 2006). Right: Vincent van 
Gogh, a Dutch post-impressionist artist (1853-1890) painted “The Starry Night” from his 





 The invention of the telescope about 400 years ago became a preliminary step 
towards allowing the human eye to see greater distances (Van Helden, 1977). One of the 
first users of that original generation of telescopes was Galileo Galilei, who made hand-
drawn sketches of his observations that revealed details of our moon and noted the 
existence of satellites around Jupiter (Edgerton, 1984; Whitaker, 1978). Fast forward to 
today, however, and the technology of the modern telescope has grown exponentially 
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(Rector et al., 2015). In just the past few decades, the tools available to create 
representations of objects in our night sky have stretched far beyond the mechanics of 
human eyes and human hands. There is now highly specialized equipment and 
detectors with super human vision exceeding what humans can access from an Earth 
with ever-increasing light pollution (Globe at Night, n.d.), and eyes sensitive only to 
visible or optical light (Arcand & Watzke, 2015a; Tucker, 2017). 
 Each band of the electromagnetic spectrum – the full range of light from radio 
waves to gamma rays – provides different information and insight about objects in 
space (Meyers, 2013), most of which was unknowable until work began on 
electromagnetism in the mid-nineteenth century (Arcand & Watzke, 2015a). Since this 
unveiling of the different kinds of light, numerous tools and technologies have been 
created to make visible the invisible. For example, NASA’s Chandra X-ray Observatory, 
launched in 1999, explores a high-energy Universe of objects ranging from exploding 
stars to black holes and colliding galaxies (Tucker, 2017). Chandra is one of the key tools 
used to explore parts of the multiwavelength Universe that goes beyond the human 
senses (Tucker, W. H., & Tucker, K, 2001; Wilkes & Tucker, 2019). An important output 
from Chandra, as well as from the iconic Hubble Space Telescope and other ground and 
space-based observatories, is the ever-accumulating archive of data that can be used to 
learn about our Universe (White et al., 2009).  
 The modern telescope, therefore, not only magnifies, but also amplifies and makes 
observable information beyond the visible spectrum of light (Rector et al., 2015). 
Consequently, the translation process that converts raw observational data to visual 
representations starts with the information obtained by spacecraft detectors and moves 
down the data processing pipeline through layers of analysis and software to the final 
image visual outputs (DePasquale et al., 2015; Rector et al., 2015). This process of 
translation is discussed in the next section. 
 Translations: From Binary Code to Binary Stars 
When a satellite points at a celestial object, such as a binary star system (a pair of stars 
that orbit each other), the spacecraft’s camera records the photons – the packets of 
energy – that have been traveling for many billions (or trillions or more) of kilometers 
and transmits them back to Earth via NASA’s Deep Space network, encoded in the form 
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of 1's and 0's (binary code). Next, data processors run scientific coding specific to their 
data to translate the code into, for example, a table plotting the time, energy, and 
position of each photon that struck the detector during the observation. Further 
processing can then be performed with astronomical software depending on the type of 
data and the needs of the researcher (e.g., Chandra Interactive Analysis of Observations 
(CIAO, http://cxc.harvard.edu/ciao/)) to in many cases form a visual representation of the 
object (Arcand et al., 2016). From observation of light, to communication of the recorded 
data, to transformation of that information into various outputs, people are involved in 
each step of the creation process (Arcand et al., 2013). 
  Ultimately, the specialists along that pipeline of data processing convert the raw 
data into an image, removing potential artifacts from the data, if necessary smoothing 
the data (i.e., reducing noise so that patterns may become noticeable), selecting the field 
of view, scaling the image, compositing as needed (i.e., co-adding multiple observations), 
and adding color (Rector et al., 2017). The choices made by specialists during that 
translation process are done to preserve the scientific information encapsulated in the 
data, and showcase the content, while often targeting particular audiences (Arcand et 
al., 2013; Lynch & Edgerton, 1987). The audiences can consist of experts or non-experts, 
including subgroups from citizen scientists, educators, evaluators, science media 
creators, and various members of the media or broader public (Viotti et al., 2019). 
Considering the audience is an important step during the data production pipeline, as 
discussed in the next section.  
2.2.2.1 Audiences in Visualization Creation. 
. . . the real power of visualization is to give a voice to the long misunderstood data 
of the world. And with that power comes a great responsibility for the creators of 
such visualizations. (Werthessen, 2016, p. 1) 
The many choices that need to be made in representing scientific information affect 
user response across the expert to non-expert spectrum (Arcand et al., 2013). To better 
help researchers understand their audiences, and realize how best to communicate the 
science underpinning the images, scientists, technicians and educators must understand 
the perceptions of those audiences in terms of both the astronomical images as well as 
any supplementary descriptive texts. This section will briefly discuss the research on 
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communicating the science underlying astronomical images, providing findings related 
to gender where available. It is noted that there is little research on astrophysical and 
related scientific topics image response as reported by gender; moreover, the extant 
findings relate primarily to adults. Few studies have been conducted regarding potential 
scientific image response or meaning making with the population of interest for this 
thesis, which is young female learners.  
 Additionally, it is important to note that this is an emerging area of research, with 
many of the investigations currently being carried out by researchers in the Aesthetics & 
Astronomy group (A&A; see astroart.cfa.harvard.edu), of which this researcher is a 
member. Outside of astronomy, there is emerging comparative research in scientific 
image response for climate science (e.g., Harold et al., 2016; Nicholson-Cole, 2005, 
O’Neill & Smith, 2014), and in nanotechnology (e.g., Landau et al., 2008). Such studies 
have investigated communication of concepts in those content areas through scientific 
images, the relationship between viewing time and perception, aesthetics as applied to 
the choices made by the creators of scientific imagery, and how meaning is created 
when viewing images specific to the topical themes. One recurring topic in such articles 
is the general lack of scientific image response studies. Landau et al. (2008) also 
asserted that there was a lower perceived status being given to research on the 
communication of concepts through scientific images. Moving beyond scientific fields, 
there is some similar image response research that has been done or is currently being 
undertaken in art (e.g., Brieber et al., 2014; Locher et al., 2007; Smith et al., 2017; Smith, 
J. K., & Smith, L. F., 2001) as well as advertising (e.g., Phillips, 2000).  
 The next subsections will examine expert and non-expert differences in reactions 
to viewing astronomical data, including what is being viewed and how (from visual 
response to color) and the contextualization of such data.  
2.2.2.2 Visual Processing.   
In the visual processing of an image, what an expert perceives when looking at an 
astronomical image is not necessarily what the non-expert perceives. Research reported 
by the A&A group (L. F.  Smith et al., 2011; Smith et al., 2015, 2017a) has shown that the 
expert tends to move from the science to the aesthetics of an image (Smith et al., 2011; 
Smith et al., 2015). Experts are likely to comment first on what kind of data are in the 
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image, what individual colors might exemplify, and what the image is meant to 
represent, and then move on to statements such as, “This is pretty cool” or “That’s a 
lovely image of a galaxy.”  Non-experts more often move from the aesthetics to the 
underlying science associated with the astronomical image (L. F. Smith et al., 2011). For 
example, a non-expert might start by saying, “Wow, that’s beautiful!” or “How intense 
and colorful” before eventually questioning, “What does it mean?” or “What does a 
scientist see when he or she looks at this?”  
 This research suggests, therefore, that non-experts tend to begin with a sense of 
awe and wonder, and focus first on the aesthetic qualities of the astronomical image 
being presented. Experts, however, query how the image was produced, what 
information is being presented in the image, and what the creators of the image wanted 
to convey before moving to the aesthetics of the image (L. F. Smith et al., 2011, 2015b, 
2017a). This is the only research found to date on this specific topic and is an important 
step in understanding how learners make meaning from astronomical data sets.  
2.2.2.3 Color.   
Another area in which experts and non-experts differ is the interpretation of colors used 
in astronomical images. Non-experts tend to visualize red as hot and blue as cool. 
Indeed, more broadly, humans categorize “warm” and “cool” palettes very clearly as a 
common constraint across language and culture biologically-based in the human brain 
(Xiao et al., 2011). L. F. Smith et al. (2011) found, however, that about 60% of experts 
consider blue as hot, compared to 20% of non-experts. This makes sense when one 
considers that in astrophysics, scientists classify stars using Planck’s law of black body 
radiation, wherein middle-range stars such as our Sun with surface temperatures 
around 9,000 degrees F appear yellow, cooler stars around 6,000 degrees F appear red, 
and hotter stars around 18,000 degrees F appear blue (Gaensler, 2011).  
Figure 2.2.  
NGC 4696 X-Ray/Infrared/Radio Image in Blue (left) Versus Red (right) 
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Note. Credit: X-ray: NASA/CXC/KIPAC/S.Allen et al; Radio: NRAO/VLA/G.Taylor; Infrared: 
NASA/ESA/McMaster Univ./W.Harris 
 The question arises, therefore, when creating astronomical visualizations that 
show super-heated material, whether to color such data blue or red for non-expert 
audiences. The primarily red image might actually convey the heat of the object better 
than blue to a non-expert audience (see Figure 2.2), even though its color mapping 
would be considered non-standard for a physicist or astronomer. There is no evidence 
to date in the literature, however, that these issues of color have been considered for 
potential interventions for young learners.  
Figure 2.3  
Supernova Remnant G292.0+1.8 in X-Ray and Optical Light (left) and X-Ray Only Light (right) 
 
Note. Credit: X-ray: NASA/CXC/Penn State/S.Park et al.; Optical: Pal.Obs. DSS 
2.2.2.4 Context. 
The A&A research has consistently found that providing a suitable contextual 
background story for scientific data sets helps make images of the Universe more 
interesting for many viewers (L. F. Smith et al. (2015a, 2017a, 2017b). In an early study, 
when participants looked at images such as Figure 2.3 without knowing what it is, it 
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might be rated as attractive. But when a well-written and engaging caption was provided 
along with the image, the aesthetic appreciation of the image significantly increased 
(effect size of .19) (L. F. Smith et al., 2011). Such research has the potential to inform the 
creation of astrophysics-related educational activities (see e.g., Arcand et al., 2010).  
2.2.2.5 Gender. 
Female participants have typically been outnumbered by male participants in studies of 
astronomical image response, with ratios of 4:1, 3:1, and 2:1, although it is noted that 
current research has been mostly conducted online with convenience samples (L. F. 
Smith et al., 2011, 2015, 2017a, 2017b). In-person studies conducted at museums have 
been more likely to have 1:1 male to female ratios in their samples. (L. F. Smith et al., 
2015). Although few astronomical visualization studies to date have reported results by 
gender, it is useful to review those that reported on the comprehension of astronomical 
data visualizations by those who identify as female.  
 In one study (L. F. Smith et al., 2017a) of 1,119 male and 696 female adult 
participants, males reported significantly higher levels of initial understanding as 
compared with the females in the study. Analysis showed that initial understanding was 
related to self-reported knowledge, however. This result is not surprising, as there are a 
number of studies that have found lower confidence levels in girls and women regarding 
STEM fields, or over-confidence levels on behalf of boys and men in STEM fields, 
particularly in mathematics (see e.g., Corbett & Hill, 2015; Heaverlo et al., 2013; Leslie et 
al., 2015; Pajares, 2005; Perez-Felkner et al., 2017; Sarsons & Xu, 2015; Stoet & Geary, 
2018). This finding might be further understood in the context of what has been 
reported regarding social knowledge of stereotypes, for example, girls aren’t good at 
math or science (Cvencek et al., 2011) (see section 2.6 for a discussion on stereotypes 
and biases). Studies around such stereotypes have included young men whose self-
ratings in science were higher than their female peers when their test results were the 
same, or young women who reported lower skills in mathematics when their test scores 
were the same as their male counterparts (Ganley & Lubienski, 2016; Leslie et al., 2015).  
 Other relevant results were described in two studies that reported on comments 
by female participants on topics of color and formatting in perceptions of astronomical 
visualization (L. F. Smith et al., 2015a, 2017a). As part of the data collection, after viewing 
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a set of images, participants were asked what questions they might have for an 
astrophysicist. In addition to asking questions concerning colors, visual or technological 
accuracy, and science content, female participants frequently enquired into issues about 
the fate of the Universe and the nature of existence, as well as in disciplines of 
philosophy including metaphysics and epistemology. Many of the female participants 
expressed the desire to learn more about the images but stated that they lacked 
confidence in their abilities and knowledge related to astrophysics. Such responses were 
not as prevalent from male participants. It is notable, however, that there were a small 
number of female respondents who were interested in astronomy visualizations, had 
technical knowledge, wanted more technical knowledge, and in general wanted more 
information on images from space (Arcand et al., whitepaper, in progress).  
 Next Steps 
The literature review, presented next, will help establish that females participate in 
advanced STEM studies at lower rates than males do, and are less likely than males to 
pursue STEM careers overall. There is some evidence, however, that if young females 
participate in STEM activities, are assisted to develop spatial reasoning skills, and/or 
have encouraging role models, they might develop greater interest in and confidence 
with continuing down STEM pathways.  
In addition, 3D printing and virtual reality (VR) and augmented reality (AR) have 
been shown to be highly engaging in general; yet evidence indicates that technology and 
computer science are still oriented towards or dominated by males (Larson, 2014; 
ComputerScience.org, 2020, National Girls Collaborative Project, 2020). Therefore, a high 
quality STEM program that explicitly makes contemporary science accessible for 
underserved young females through 3D printing and VR/AR in a focused fashion, 
including the hows and whys (versus only providing a series of rote facts), that utilizes 
spatial reasoning tasks, and is presented with positive role modeling, should lead to 
more positive dispositions and confidence towards STEM-related fields for these 
underserved females. These topics are explored in detail in this thesis.  
 In sum, the background information provided indicates that audience must be 
considered when working with astrophysical data to create such visual representations. 
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For young female-identifying learners to see themselves on STEM pathways, and to 
further engage more young women from underserved groups into future STEM careers, 
it is incumbent upon researchers to put this information into practice. In doing so, 
interventions created specifically for this audience might help reduce barriers and 
engage and encourage progress towards these goals. 
 Literature Review 
The following sections review the literature as it pertains to the research undertaken in 
this thesis. 
 3D Printing: Reconnecting Science to the Human Hand 
3D modeling in science has become commonplace in the past 10 years. From models of 
chemical compounds and molecules (Bergwerf, 2018), to anatomical representations 
(BioDigital, 2018), to geographic models of Earth (Cesium, 2018), visual representations 
of data can “accelerate rapid insight” (Thomas & Cook, 2005, p. 69). 3D modeling offers a 
relatively new vehicle to represent and understand scientific data, particularly when 
both experts and non-experts are able to manipulate their models and gain new 
perspectives on the data they explore (Amorim et al., 2015; Berra et al., 2014; Craig, 
Michel, & Bateman, 2013). 
 Although interacting with 3D data on a computer screen can be useful for both 
specialist and non-specialist audiences, the ability to create a physical manifestation of 
the model and reconnect science more directly to the human hand – through 3D 
printing – is a more recent addition to the field of data visualization and representation. 
3D printing is a process of additive manufacturing, in which a type of material, for 
example, plastic, metal, or organic material, is continually added by layer to formulate 
the object (Grice, Christian et al., 2015). On-demand processes of 3D printing are 
characterized as fused deposition modeling (FDM) and have become increasingly 
accessible and affordable for consumers recently (Takagishi & Umezu, 2017). Such 
processes can make productions of scientific or educational tools possible wherever a 
3D printer is located (Clements et al., 2016). 
3D printing on consumer scales is still rather new, but the production possibilities 
are far-reaching. 3D printing applications in science range from plans for an on-demand 
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and sustainable moon base 3D printed from lunar dust (Klettner, 2013) to medical 3D 
printing of embryonic stem or skin cells (Everett-Green, 2013).  
2.2.3.1 Moving Data From 2D to a 3D Space. 
Astrophysical data, and the visualizations from such data, are often two-dimensional 
(2D). Our perspective from Earth, or even from our farthest-reaching telescopes, 
primarily offers a flat projection on the sky, but spectral information can restore the 3-
dimensionality of the Universe (Ferrand et al., 2016). Although some deep sky surveys, 
or catalogs, of our Universe contain information about distances to objects for 3D maps 
of the distribution of stars or galaxies (Devitt, 2012), and large studies are making 
headway into the 3-dimensional nature of the Universe (Courtois et al., 2013; Mann et 
al., 2013), it is still less common in the 21st century to have 3-dimensional information 
about specific cosmological sources that can be easily visualized. Some early, pioneering 
work in 3D mapping was performed by Geller and Huchra (1998) as they mapped 
thousands of bright galaxies of a northern part of the observable Universe. The number 
of specific objects in the Universe that have been mapped in 3D represents a small 
fraction of the observable Universe; indeed, the process of 3D mapping faces a number 
of constraints, from data quality and resolution to processing, software, and hardware 
(Steffen & Koning, 2015). New and upcoming missions are, however, working to try to 
change some of the constraints. For example, the European Space Agency’s Gaia 
satellite, launched in 2014, is working towards its goal to create a detailed 3D map of a 
billion stars in our galaxy, the Milky Way (Bauer et al., 2016). 
 Researchers from computer scientists to astrophysicists, engineers, and other 
technicians are developing new techniques to help expand astrophysical data 
visualization within the 2D space and beyond into 3D space (see e.g., works citing 
Arcand in 2016, 2017, 2018, 2019; Borkin in 2007, 2009, 2010; Christian in 2015; 
DePasquale in 2013, 2015, 2017; Diemer in 2017; Goodman in 2007, 2009; Madura in 
2014, 2015, 2017). 3D visualization lets experts and non-experts view cosmic objects 
from multiple viewpoints and even virtually travel through them (Arcand et al., 2017; 
Ferrand & Warren, 2018). Further developments in 3D astrophysical data representation 
include adding time and velocity, which provide new angles for research and 
understanding. Research investigating objects over intervals, for example, opening up 
 21 
the time domain (Andersen, 2012) can lead to advances in understanding the evolution 
of stars, galaxies, and the Universe. Also, understanding that objects in the Universe, 
such as stars, are dynamic can help to negate a common misconception in astronomy 
that the heavens are static and never-changing (Comins, 2001), an important issue for 
young learners.  
The potential to study celestial objects from multiple sides or viewpoints can 
provide researchers with a better understanding of how such objects are structured, 
how the physics underlying them works, and in turn help open access to non-scientists 
(Arcand et al., 2017; Ferrand & Warren, 2018). Researchers in the field of astronomy, 
despite the challenges to obtain 3D data, have developed and adapted innovative ways 
to obtain such information about distant sources, as discussed in the next section.  
2.2.3.2 Early Steps in 3D Astrophysics Applications. 
Arguably one of the most innovative milestones in the development of 3D imaging in 
astronomy was the Astronomical Medicine project (see Borkin, 2010). The program 
adapted brain-imaging techniques and 3D software for use in astrophysical data 
visualization (Borkin et al., 2007). This technique enabled researchers to generate 3D 
images of molecular clouds using 3D Slicer software, which could then be interactively 
included in digital editions of journals, thereby allowing readers to manipulate the 3D 
model directly in an enhanced PDF (portable document format) (Goodman et al. 2009; 
Information Today, 2009). 
 Once Goodman et al. (2009) published their interactive 3D results, the technique 
was adapted for higher-energy celestial objects, including a supernova remnant 
Cassiopeia A (Cas A). Cas A was a star about 15-20 times the mass of our Sun (Orlando et 
al., 2016) that ran out of nuclear fuel, collapsed, and exploded in a catastrophic event. 
The leftover stellar debris of Cas A continues to expand outwards radially from the site 
of the explosion’s center (Delaney et al., 2010). To understand Cas A’s dimensionality, 
researchers used basic geometry and applied the Doppler effect on data from multiple 
telescopes across optical, infrared and X-ray light. 3D Slicer and similar programs were 
applied to create a 3D digital visualization of Cas A as an interactive PDF (Delaney et al., 
2010).  
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 A version of this 3D supernova remnant was produced (see Figure 2.4) that could 
be manipulated in a browser by viewing angle and by selection of data set types, for 
example separated by energy cuts and type (Watzke & Edmonds, 2013). Users could 
select just the emission of Neon or Argon as observed with Spitzer in the infrared region 
of the electromagnetic spectrum (EMS), or view the iron emission as detected by 
Chandra in the X-ray portion of the EMS (Watzke, 2013). Additionally, a fly-through, 
transparent visualization adapted from the data was converted with commercial 3D 
software Autodesk Maya (Autodesk.com, 2018) so that textures and colors reminiscent 
of typical astronomical imaging, and an artistic starfield could be applied for non-expert 
use of an expert-developed data visualization (Arcand et al., 2017). 
 This overall Cas A 3D project as described in this section was the first time a 
supernova remnant had been mapped into 3D based on observational data (Chandra X-
ray Observatory, 2009). Producing 3D data of Cas A provided new insights for the 
researchers who create models of supernovas, that they must calculate for the outer 
layers of such a star to expel spherically, while the inner layers expel in a disk-like way 
with multiple jets (Delaney et al., 2010). Additional research groups have worked on 3D 
modeling of Cas A since the original 2010 Delaney et.al. study, including Milisavljevic and 
Fesen (2015) and Orlando et al. (2016). This continued research on the dimensionality of 
the same specific object helps demonstrate the interest and research value of such 
visualizations for expert uses. 
 
 
Figure 2.4.  
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Cassiopeia A in 2D and 3D 
 
Note. Left: 2D Chandra X-ray image of Cas A. Credit: NASA/CXC/SAO. Right: 3D 
visualization of Cas A that can be manipulated by the user in a browser 
(http://3d.si.edu/explorer?mid=45). Credit: NASA/CXC/SAO & Smithsonian Institution.  
2.2.3.3 Applications of 3D Print Research for Non-Expert Usage. 
Recent visualization research (L. F. Smith et al., 2017a), explored how unique-looking 
presentations of an object in deep space, like Cas A 3D, might also affect understanding, 
engagement, and aesthetic appreciation by non-expert audiences. The online survey 
asked a convenience sample of adults (n = 2,502) to respond to questions regarding a 
spectrum of Cas A images and videos in 2D, 2D with data-driven time-lapse videos, and 
3D, querying what kind of object the image resembled, how appealing the image was to 
the participant, how much the participant understood of the science, and whether the 
participant wanted to learn more about the object. Results from this study showed that 
alternative types of representations, such as in the form of the 3D stills or 3D videos, can 
and should be used for experts and non-experts, if they are appropriately explained and 
put into context (L. F. Smith et al., 2017a). Such information, not used to date, holds the 
potential to be useful in designing research for use in STEM interventions. 
 As such, though data-based 3D visualizations can be beneficial to non-expert (and 
expert) populations, the potential also is recognized for non-experts to work with 
physical 3D models of such data sets. The Cas A project is an example of this. The first-
ever 3D print of a supernova remnant was generated from the 3D data (see Figure 2.5a 
& b.) (Arcand & Watzke, 2016). The Cas A 3D model was formulated in 3D print-ready 
forms, with support structures (600k triangle OBJ file at 27 MB) and as volumetric data 
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(ASCII VTK files created from telescope data at 3.94 MB) for printing on most commercial 
3D printers (Arcand et al., 2017). 
Figure 2.5a & b  
3D Printed Cassiopeia A 
 
Note. 3D model of Cas A in single (left, a) and dual part (right, b) versions, where dual 
part offers improved accessibility for visually-impaired audiences. 
(http://chandra.si.edu/3dprint/). Credit: NASA/CXC/K.Arcand 
 Since the 3D modeling and printing of Cas A, other 3D modeled astronomical 
objects have also been printed successfully. Moving from stellar death to stellar birth 
and maturation, researchers have created 3D models of the stellar nursery Eagle 
Nebula, known more commonly as the Pillars of Creation, and the mature star system 
Eta Carinae and the Homunculus Nebula (Figure 2.6). For these models, researchers 
used primarily optical observational and spectroscopic data from orbiting and ground-
based telescopes to create 3D maps (McLeod, et al., 2015; McLeod & Hook, 2015; Reddy, 
2015), though through different mechanisms than described in the previous section on 
Cas A.  
Figure 2.6  









Note. Left: 2D optical image of Eta Carinae/Homunculus Nebula. Credit: ESA/NASA. Right: 
3D mapped Eta Carinae/Homunculus Nebula. Credit: NASA/STScI & NASA's Goddard 
Space Flight Center/CI Lab. 
 
 For Eta Carinae, using the SHAPE 3D application, specifically designed for 
astrophysical data sets (Steffen et al., 2011), astronomers built a printable 3D model of 
the Homunculus nebula, the bipolar bubble surrounding that star system (Steffen et al., 
2014). Further 3D mapping and 3D printing of the Eta Carinae system has also been 
done across different scales, including the inner winds (Madura et al., 2015). This 3D 
printing can more clearly display the dimensionality of the system, well beyond that 
which 2D images can do (Madura, 2017). Importantly, these processes and models also 
can contribute to designing research on STEM interventions. 
 There are now other data-driven 3D printed objects from astronomy and planetary 
geology including, for example, additional supernova remnants (Arcand, Edmonds & 
Watzke, 2017; Arcand & Watzke, 2019), a binary star system (two stars orbiting each 
other) (Watzke & Edmonds, 2017), geological maps of our Moon (Ellison, 2014), craters 
and meteorites on Mars (Capraro & NASA JPL, 2014; Gwinner et al., 2014), asteroids (e.g., 
Kim, 2018), the Cosmic Web (Diemer & Facio, 2017) and the Cosmic Microwave 
Background (Clements et al., 2016). The catalog of data-driven astrophysical or 
geological models continues to grow, and can potentially be used in communicating 
contemporary science with non-expert audiences.  
 Astronomical 3D models have been printed and disseminated to U.S. schools and 
universities, public libraries, STEM programs, government officials, and others (Arcand et 
al., 2019; Grice et al., 2015). Dissemination has allowed for preliminary testing of the 3D 
models as discussed briefly in section 2.4.5 below, with researcher examination of user 
response, potential difficulties in printing quantities on demand, issues when shipping 
delicate parts, and physical challenges of models being handled by numerous people. 
However, to date no research has been undertaken to investigate the effects of 3D 
models on spatial reasoning skills and interest in STEM fields, particularly with young 
female learners.  
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2.2.3.4 Applications of 3D Print Research For Non-Expert Usage: Blind and Visually 
Impaired Populations. 
It has been broadly inferred through informal observations that non-expert populations, 
and specifically students, can potentially benefit from 3D printed models of scientific 
data (Rennie 2014).  Research has been targeted towards learners in higher education, 
for example, in the modeling of concepts in anatomy, biochemistry, and molecular 
biology (see e.g., AbouHashem et al., 2015; Hall, et al., 2017; Jittivadhna et al., 2010; 
Penny, et al., 2017), Rigourous quantitative data of the impacts of 3D printing on young 
female learners, however, is lacking.   
 Specifically to populations with visual impairments, however, there are evaluative 
data that shows potential benefits (Arcand et al., 2019; Christian et al., 2015; Grice et al., 
2015). As noted, astronomy tends to be a visuals-heavy field, historically from thousands 
of years’ worth of humans looking up to the night sky to the first generation of telescope 
users, as well as in modern times with the advent of high-powered multiwavelength 
distributed spacecraft. Such visualizations have been said to play a significant role in the 
popularization of astronomy by leveraging “visual economy” (Bigg & Vanhoutte, 2017, p. 
118), though they can leave individuals who have no or very low vision behind.  
 There are an estimated 253 million people worldwide who have visual 
impairments. Approximately 36 million of the 253 million people are blind, with the 
remaining 217 million having moderate or severe vision impairments (World Health 
Organization, 2017). Those with visual impairments have a spectrum of needs that are 
affected by considerations such as whether blind from birth or later in life, or the ability 
to read Braille (American Printing House for the Blind, 2016). 3D printed versions of 
astronomical data have tactile features that have been shown to help communicate 
both with those who are blind from birth and those who have lost sight, whether all or 
some, at some time after birth (Arcand et al., 2019; Christian et al., 2015). From 
“stimulating, building, and reinforcing a person’s mental model” of the objects to self-
reported comprehension and learning gains, positive outcomes have been reported, 
including the ability for some participants to visualize the data being modeled (Christian 
et al., 2015, p. 43).  
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 Evaluations of user experiences with the Cas A 3D printed model and similar data-
driven 3D astronomical prints with young adult learners who are blind or visually 
impaired have demonstrated learning gains (Arcand et al., 2019). Participants’ 
comments ranged from, “I learned what stars looked like when they exploded” to “[I 
learned] how stars die and if they want to, blow up and ‘vomit hot gas’” (Arcand et al., 
2019, p.12). The preliminary user studies, with participants ages 16 and up, with the 
large majority being adults, also suggested that working with the 3D printed models may 
have an effect on how participants relate to astronomy, or how participants view 
themselves in relation to science. 
 Such 3D printed visualizations can, therefore, help provide learners with visual 
impairments access to astronomical data in a way that is difficult to experience 
otherwise. Building spatial reasoning skills, additionally, has been shown to be very 
important for success in STEM (as noted in section 2.6.6), but is often less developed in 
underrepresented groups (Jones & Broadwell, 2008). When said data are, additionally, 
coming primarily from observatories built with taxpayer funding in the U.S. and 
elsewhere, providing equitable access to that data should be a given, and not an 
exception (U.S. Senate, 2017).  
2.2.3.5 Practical Challenges in 3D Printing Astronomical Objects. 
There are numerous challenges users may face in 3D printing objects in general, and 
more specifically in printing 3D astrophysical models. These challenges include 
navigating diverse sets of file formats, including proprietary formats, working with long 
print times, handling physically complex models, and removing support structures. Such 
issues need to be taken into consideration for potential incorporation of 3D prints into 
producing viable products for STEM programs.  
  Virtual Reality (VR): Definition & Examples in Astronomy. 
Virtual Reality (VR) is a technology that simulates a participant's physical self in 
computer-generated environments that adjust to the user’s presence to provide a sense 
of immersion. It has been increasingly adopted in the past decade for consumer 
markets and products. VR has been developing as an idea since the mid-20th century, 
although practical applications began in the 1980s, with consumer options at market in 
the 1990s (Faisal, 2017; Johnson, 2016). VR has had some slow starts in its development 
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(Stein, 2015). For example, in the late 1990s there was a push for browsers to support 
VRML (Virtual Reality Markup Language) and a host of low-quality 3D web sites available 
ranging from primitive virtual tours of galleries and spaces to clunky VR-like social 
meeting spaces that did not reach their portended success (Jensen, 2017). 
 Gaming, media, and adult entertainment industries have been some of the 
primary forces behind the recent technological push in the successful commercial 
development of VR (Morris, 2016), along with healthcare, real estate and architecture 
based industries (Jenkins, 2019). With this increased output of commercial experiences, 
there is an opportunity for science and science communication fields to take advantage 
of increased access to VR technology through the availability of less expensive and more 
user-friendly equipment than was previously available (Ferrand et al., 2016).  
Therefore, not only does VR have the potential to change how science experts 
visualize and analyze their data, it also holds promise for how those data are 
communicated with non-experts. From cellular or molecular biology to environmental 
science, it is increasingly being used in medical settings (Isenberg, 2011). These include 
applications for virtual surgery training in medicine (Murphy, 2018), helping practitioners 
obtain a better understanding of brain damage (Hung et al., 2014), and exploring new 
treatments for Alzheimer’s disease (Garcia-Betances et al., 2015). VR has been shown to 
improve upon existing models of medical training by assisting medical students prepare 
to help patients in higher risk categories by providing life-like scenarios (Murphy, 2018). 
 In terms of astronomy, rich astronomical data sets can offer high-resolution, multi-
wavelength, multi-dimensional, and lately, even multimessenger data. Multimessenger 
data in astronomy, goes even beyond the electromagnetic spectrum and incorporates 
information based on the detection of gravitational waves (Christensen, 2011). The 
process of translating photons into 2D astronomical images has been well documented 
and studied (see the previous description in section 2.2.2; see also Arcand et al., 2013; 
DePasquale et al., 2015; Rector et al., 2017; Rector et al. 2007), but the transformation of 
that information into 3D forms that take advantage of human perspective, stereoscopic 
vision, and cognition for VR less so (Ferrand et al., 2016). Although the Universe itself is 
multidimensional, as Fluke and Barnes (2016) posited, “Are we making the best use of 
the astronomer’s personal visual processing system to discover knowledge?” (p. 1). It can 
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be argued that this question can be extended to non-experts, including school-age 
children. Thus, although there are extant VR experiences, VR has a way to go in terms of 
realizing its potential for both educational applications as well as science 
communication (Arcand et al., 2018; Eriksson et al., 2014). 
2.2.4.1 Applications of VR for Non-Expert Usage: The Universe in VR. 
From early astrophysical VR applications based in simulated worlds (see e.g., Farr, Hut, 
Ames, & Johnson, 2009) to more current astronomical VR experiences in standalone 
applications (see e.g., Arcand, et al., 2018, Ferrand & Warren, 2018, Russell 2020), such 
experiences comprise a range of types, including artistic imaginings of what might be, 
mathematically-modeled data constrained by astronomical observations, and 3-
dimensional composites of scientific data. For example, one can experience walking 
among a handful of exoplanets (planets outside our solar system) through science-
informed 3D artists’ impressions that have been converted into VR worlds (Howell, 
2017), traveling across parts of the Martian surface based on data from the Jet 
Propulsion Laboratory (Good, 2017), walking on the surface of our Sun (Hinode Science 
Center at NAOJ, 2018), or viewing radio data cubes of the spiral galaxy NGC 3198 
(Ferrand et al., 2016).  
 There is a 360-degree video application, and VR application, for viewing Wolf-Rayet 
stars (hot luminous stars with mass greater than about 40 suns that are in a late stage of 
stellar evolution) from the perspective of the supermassive black hole Sagittarius A* 
(Russell, 2018, 2020; Watzke & Edmonds, 2018). A black hole is a dense, compact object 
whose gravitational pull is so strong that within a certain distance of it nothing can 
escape, not even light (Arcand et al., 2019). When an object such as this is quite literally 
invisible to human eyes, being able to experience its effects on some of the surrounding 
stars provides a unique view of a system that can be challenging to visualize otherwise 
(Tucker, 2017; Wilkes & Tucker, 2019).  
 In addition to these astronomical VR experiences, Arcand et al. (2018) co-created a 
VR experience of Cas A. This data-driven 3D visualization of Cas A, as presented in the 
previous section 2.4.1.2, was first created for research purposes (DeLaney et al., 2010), 
then converted into a digital interactive for non-experts (3d.si.edu, 2013), and then 
translated as a 3D printed model (Arcand & Watzke, 2016) as part of a responsive 
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pipeline of 3D model outputs for expert and non-expert usage. A virtual reality 
experience of the data was, therefore, well positioned as a next step towards a 
multimodal user experience of such 3D data of a dead star (Arcand et al., 2018). VR 
experiences such as these can be created for large scale 3D immersive environments 
such as a Cave Automatic Virtual Environment (CAVE), or adapted for a personal VR 
device, like the Oculus Rift (Clark, 2014). The next subsection will briefly explore these 
environments along with the technical considerations necessary to run VR applications 
with young leaners. 
2.2.4.2 Technical Considerations for Virtual Reality Applications.  
A VR CAVE is typically characterized as a closed round or cube-shaped room with a ring 
of high-resolution projectors, creating a VR environment that interacts with small 
headsets worn by multiple viewers, and the software controlling the application (Juarez 
et al., 2010). These rooms typically allow from two to perhaps eight people (depending 
on the size of the CAVE constructed, (see, e.g., YURT | Center for Computation and 
Visualization, n.d.) to experience a VR application simultaneously, with one person 
leading the VR perspective through his or her master headset. CAVES are often built at 
universities, museums, and technological or scientific based research groups rather 
than at private homes or schools.  
 The Oculus Rift, Go or Quest, on the other hand, is an example of an individual 
headset communication device for VR, which is a more singular (and also commercially 
available) form of VR experience. The individual headset communicates with a nearby 
laptop, gaming system, or similar computational device (Clark, 2014).  
 Adaptations of data-driven 3D visualizations have also been created for 
smartphone usage with inexpensive personal VR viewers made in simple minimalist 
designs out of lightweight plastic or cardboard, such as Google Cardboard, to allow 
additional entry points for viewers who do not have access to more costly equipment 
(Chandrashekar, 2018). At today’s pricing, Google Cardboard or a similar pop up viewer 
might cost $5 US  (Amazon.com, 2018a), excluding the price of the smartphone or iPod-
like device to drive it. An Oculus Rift or Quest will cost perhaps 10 times that amount 
(Amazon.com, 2018b), and a CAVE perhaps 200 times that or much more (Juarez et al., 
2010).  
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 Additionally, the built-in VR-like viewing platform of YouTube is currently a popular 
platform among both children and adults. One report by a parental app nanny service 
stated that children under 8 spend 65% of their online time on YouTube, and that the 20 
top YouTube children’s channels had over 5.2 billion views in October 2015 alone (Family 
Zone, 2016; Dredge, 2015). Also, A. Smith and Anderson (2018) noted that 73% of adults 
reported using YouTube. Developers can, therefore, leverage this platform to provide 
YouTube 360 video versions of their VR applications for wider dissemination to 
communicate science with non-experts and experts alike, particularly in schools (Burns, 
2016). YouTube 360 videos require no additional hardware or specialty equipment, as 
users can watch them natively within the YouTube application from a smartphone, or via 
youtube.com in a browser on a laptop or desktop, where the mouse or trackpad 
provides the interactivity and ability for the user to explore the immersive environment 
(Borovoy, 2017). This technology, though not as immersive as a full VR experience in a 
CAVE or headset, is cheaper and easier to access, and could provide greater outreach to 
underserved audiences, whether underserved in funding, geographic location, or other 
factors (see section 2.4.8 on underserved audiences) (Chandrashekar, 2018). This holds 
potential in particular for educational groups or individuals in areas with scarce 
resources or that are not typically targeted by traditional science communication 
programs. It can be particularly useful to help inform the development of STEM 
interventions for young learners who may be located in under resourced areas.  
 Augmented Reality (AR): Narrative Additions to Science Experiences 
Augmented Reality (AR) is a virtual environment that provides the user with an 
enhanced version of reality (Azuma, 1997). It creates layers of text, image, sound-based 
elements, and/or other effects to provide additional sensory input, and provides an 
augmented view for the user experience by typically merging real or “live” and virtual 
information (Johnson, 2016). AR has been rising in popularity, perhaps even more so 
than VR, with the number of smartphones, wearable computing devices, and other 
similar smart devices being promoted to consumer markets (Vogt & Shingles, 2013), and 
with affordable options being promoted for education (Amer & Peralez, 2014). From 
popular AR games such as Pokemon Go, which utilizes the user’s geolocational 
information to personalize the interface (Sicart, 2017; Johnson, 2016), to AR animals that 
 32 
zoo visitors can interact with and learn from to help promote conservation (Kiniry, 2017), 
AR is another useful emerging technology to investigate for designing potential STEM 
interventions. 
 Examples of astronomy-related AR applications for free consumer use include Sol 
AR, a tour of our solar system in AR (Augmented Reality Solar System, 2018), NASA 3D 
spacecraft in AR, exploring robotic missions such as the Mars Curiosity rover in AR 
(Dyches, 2018), and USA Today’s (2018) 3 2 1 Launch on Space X rocket launch 
technology via an AR launch simulator. Each of these AR applications leverage existing 
smartphone technologies supporting interactions in a 3D space with 3D objects (Vogt & 
Shingles, 2013), to place them in the user’s environment (Johnson, 2016).  
 With these applications, using AR equals less specialized equipment to buy and 
learn how to work, assuming the user has access to a smartphone and Internet 
capabilities. In the U.S., about 77% of Americans now have smartphones, and 9 in 10 
adults access the Internet (Pew Research Center, 2018a; Pew Research Center, 2018b). 
Using accessible technology, AR can take objects that might be physically limited in the 
real world, say a sheet of paper, a toy, a model, or a book, and expand their functions 
within a digital reality (Martindale, 2016). 
 The Sol AR app, for example, through some general exploration and play, offers a 
simplistic view of our Sun and planets, with one important perceived benefit being that 
of scale, e.g., the relative distance of the planets’ orbits and size of the planets. Research 
has demonstrated that scale is an important scientific concept for many users (L. F. 
Smith et al., 2011; L. F. Smith et al., 2017b), but understanding the scale of objects in 
astronomy can be challenging and complex. Work by Agan (2004) noted difficulties in 
student understanding of the distances between stars alone. The magnitude of the 
scales of distance between stars is dwarfed by the distances between galaxies, galaxy 
clusters, and beyond to the farthest reaches of the observable Universe (Arcand & 
Watzke, 2017), so the complexities of comprehending Universal scale should only 
increase with other objects. AR apps, however, might be able to help elucidate the issue 
of scale for the user, as they can take viewers beyond limitations of 2D representations 
and use the space in their environment to communicate concepts that take up quite a 
bit of physical (and mental) room. These applications can potentially contribute to 
 33 
research for STEM interventions with underserved populations of young learners by 
exploring participant response around scientific topics, issues of scale, or overall 
engagement levels. 
 AR Narrative in the VR Space 
Research has shown that including contextual information improves the expert and 
non-expert user experience in both understanding and appreciating 2D and 3D 
astronomical representations across various technological platforms (L. F. Smith et al., 
2010, 2015a, 2017a, 2017b). The 2010 and 2015a L. F. Smith et al. studies, for example, 
found the need for strong narrative and textual context when presenting astronomical 
images, as well as for explicit discussion of the colors and what they represent in science 
images. They also found that a clear sense of physical scale is helpful for 
comprehension, across all levels of expertise. Additionally, as stated in section 2.4.1 (3D 
printing), alternative types of representations, such as in the form of the 3D stills or 3D 
videos, can and should be used, assuming they are appropriately explained and put into 
context (L. F. Smith et al., 2017b).  
Figure 2.7.  
Cassiopeia A in Virtual Reality 
 
Note. Left: Virtual reality (VR) application of Cas A allows the user to walk inside the 
debris from a massive stellar explosion and select the parts to engage with. This photo 
shows the author inside Brown University’s YURT, or VR CAVE, during testing of the 
Oculus Rift application. Right: A screenshot of Cas A VR shows narrative text, where 




 Therefore, applying those findings to VR data sets seems ideal for increasing 
comprehension for users at all levels of expertise (Chandrashekar, 2018). With a VR-
based high-energy data-driven object such as Cas A, additional context needs to be 
provided for non-expert users in particular. A 3D visual representation of Cas A, for 
example, is not what non-experts (or even some experts) might expect to see as a 
representation of a supernova remnant (L. F. Smith et al., 2017b), especially if the 3D 
visualization does not resemble a 2D space-based image with, say, a starfield and 
nebulous material or gas around it. With a lack of standard astronomical visual cues, 
providing text (or audio) based information as background could be critical for an 
informed user experience (Arcand et al., 20181). 
 Due to this visual complexity of the science model for the Cas A VR application, 
programming responsive text alongside the VR model provides the user with a key 
narrative component for the overall experience, as expressed anecdotally from users 
during formative testing of the application (Arcand et al., 2018). The VR experience of 
Cas A includes descriptions for physical components of the supernova remnant, such as 
iron, argon, silicon etc., as well as structures like the jets and neutron stars (Arcand et al., 
2018). Such features may help educators to effectively tell the life story of a star and 
provide resources for researchers to observe closely the changes in size, density, and 
shape of a star across time. Going forward, they have the potential to provide greater 
access to the science and the story behind the science for a variety of learners in STEM 
interventions.  
 One key to making such VR applications move beyond being just a toy or “gee-
whiz” moment is to move away from positioning the application as a gimmick and 
provide meaningful information and content that is clearly embedded in the virtual 
experience (Thompson, 2016). This type of experience may be able to help learners 
create a sense of presence with data that, due to the very nature of the extreme 
                                                   
1 It is acknowledged that a majority of this section comes from a group including the researcher; however, little 
other work in this specific area, with the goal of qualitative research with young learners, had been conducted to 
date. 
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distances from our home planet, the magnitude, type of wavelength or other factors, 
can be challenging to relate to otherwise (L. F. Smith et al., 2017a). Communication of 
the science and technology in unique but accessible ways for young learners may also 
provide additional exposure to career paths and diverse opportunities in STEM, 
particularly for underrepresented learners (Howard-Brown & Martinez, 2012). 
 Challenges with VR: Access Points 
There are challenges with VR technologies to consider, however. These challenges 
include visual disconnect causing motion sickness (also known as simulator sickness), 
the need to incorporate an illusion of boundless movement, accessibility (both for socio-
economically underserved areas, but also for physical accessibility by people who are 
visually impaired), as well as struggles in establishing touch-responsive features (Amer & 
Peralez, 2014; Disabled World, 2016; Steinicke, 2016).  
 Beyond possible difficulties for the individual user, in a formal or informal 
education environment there is the likely additional need to train educators in the use of 
the 3D/VR application technology – the hardware primarily, but also the software. 
Additionally, physical access to this technology in informal or formal learning 
environments might be difficult for underrepresented groups (Chandrashekar, 2018). VR 
experiences that are not within CAVES, such as head-mounted displays (HMDs), or 
virtual 3D tables, also tend to be considered as individualized experiences, which could 
be challenging for educators working with certain groups, particularly children (Zaharias, 
Michael-Grigoriou, & Chrysanthou, 2013). 
 Applications and Adaptations in Educational Settings for Non-Expert Audiences: 
Different Learning and/or Physical Abilities 
In education settings, increasing access to VR should be done if concurrently working on 
ways to include multimodal access points for those with physical or learning disabilities. 
Such work could be done partially through the dissemination of inexpensive popup 
viewers such as Google Cardboard, or with 360-degree YouTube videos, that require a 
smartphone to drive the technology (Chandrashekar, 2018). These applications can act 
as a canvas for individualized VR experiences tailored to the needs of different learners 
(Cotabish, 2017).  
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 Such viewer-driven experiences in VR (Chen et al., 2014) could potentially positively 
affect users with different learning preferences, or viewers with autism (Lahiri et al., 
2015), different physical abilities, or other special needs (Tyler-Wood et al., 2015). 
YouTube driven 360-degree experiences could also help with formal or informal 
education environments both through a cost and a social participation experience. 
Though 360-degree videos through YouTube are not as immersive as an HMD or CAVE 
experience, they might provide a reasonable facsimile accommodation (Locher et al., 
1999), in which the viewer becomes immersed in what is being viewed and responds as 
if viewing an original rather than a reproduction, or visual downgrade. 
 When creating virtual reality experiences of 3D astronomical data sets for expert 
or non-expert purposes, it is particularly important to investigate potential access points 
of such visually-driven technologies for blind and visually impaired (BVI) participants 
(Disabled World, 2016).  Data sonification, for example, is the ability to use non-narrative 
audio to map scientific data into sound (instead of image) in order to communicate 
information. This technique has been applied to 2D astronomical data sets (Diaz-Merced 
et al., 2012; Diaz-Merced, 2013), many of which are time-lapse data sets, the detection of 
infrequent astronomical events, the detection of orbits that may indicate the presence 
of exoplanets, or the exploration of low signal-to-noise data in galaxies. Diaz-Merced 
(2013) researched the use of data sonification as an adjunct to data visualization and 
found that among the expert population of astrophysicists studied (who had no training 
in data sonification use), there were positive increases in their abilities to detect signals 
when the audio data was timed with a strong visual cue to the visual data. 
 There have been experiments with exploration and presentation of spatially 
sonified astronomical data with non-experts. For example, Tomlinson and colleagues 
demonstrated that a mixed visual and spatial audio program was “interesting, 
understandable, relatable and helpful, even to a sample audience without visual 
impairments” (Tomlinson et al., 2017, p. 128). Related, planetarium-based experiences 
focusing on the sounds of the Universe (non-spatially oriented, though in surround 
sound), while also providing visuals to match have received positive attention from low 
vision participants (R. Levine, 2018). Adding 3D printed or other similar tactile models to 
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such experiences for blind and low vision participants has helped reach underserved 
audiences through multimodality (Russo, 2018).  
 Individualized VR headsets (such as the Oculus Rift and the HTC Vive, the two most 
popular VR HMDs), are equipped with audio capabilities and can be set up to play sound 
and also to key sound to specific regions of a three-dimensional virtual space. Adding 
audio capabilities such as descriptive narrations of what is being seen is a 
straightforward process and can be added to improve accessibility (Chandrashekar, 
2018); this was successfully added to the Cas A VR experience, for example (Arcand et 
al., 2018). Increasing the accessibility of VR experiences by expanding only visual to 
include audio descriptions or potentially a form of sonified data can help render such 
applications compatible. For working with young stem learners in the U.S., for example, 
compatibility with the Americans with Disabilities Act (ADA) (ADA National Network, n.d.) 
and alignment with government standards, such as U.S. Section 508, which is a set of 
standards and guidelines for all U.S. government agencies for accessibility (United States 
Access Board, 2000), is important for consideration when researching potential STEM 
interventions. 
 One potential solution for greater inclusion of underrepresented young learners, 
therefore, could be the incorporation of the data in such additional scaffolded 
translations, from audio recordings of meaningful narrative descriptions, to sonification 
of the data set itself, to inclusion of haptic or touch-based versions of the information. 
Such layering of information would likely increase the total development time of any 
single VR application, but would also provide a multimodal experience of sound, sight, 
and touch in which users of different kinds of abilities would be able to participate 
(Belardinelli et al., 2009). Accessible technologies such as these, therefore, have the 
potential to inform research on STEM interventions for young learners from a variety of 
underrepresented communities. 
 Applications and Adaptations in Educational Settings for Non-Expert Audiences: 
Potential Costs and Concerns 
VR and AR technologies are currently projected to have a direct impact on about 15 
million students in the U.S. alone by the year 2025 (Bellini et al., 2016). The introduction 
of new technologies into educational spaces is, of course, not new. Merchant et al. 
 38 
(2014) have noted that educators, whether formally or informally, must weigh the costs 
both in terms of funding and in time to learn, explore, and teach using such new 
mechanisms. There are, therefore, numerous questions to be answered from an 
instructional design standpoint, including the length and depth of VR application most 
conducive to student learning.  
 Critics of VR in educational environments have expressed concern that VR and AR 
emphasize more entertainment than education, or that there is a paucity of research 
showing actual best use cases and impacts of such technologies (Korbey, 2017). These 
technologies are still under considerable development so that even the definitions of 
what AR and VR, or even Mixed Reality, which combines aspects of each to make up the 
third in a trio of digital realities, are not standardized (Johnson, 2016). Maya Georgieva, 
co-founder of Digital Bodies, said: 
We are hearing from teachers unanimously that these experiences generate more 
questions and more engagement in students . . . . For children, it often takes time 
to create a mental model of what they are learning. Virtual reality provides them 
with a stepping stone—and possibly a leap—to connect the dots…science teachers 
are saying VR can help deepen understanding of subjects such as biology and 
anatomy, which require students to grasp the inner workings of cells and organs 
that are not visible to the human eye. (Korbey, 2017, p. 1) 
 It is likely that the benefits of these technologies have the potential to outweigh 
the costs, both in terms of educational and experiential value as well as in terms of 
sparking interest in science/STEM subjects, but more studies must be done in order to 
ensure any benefits outweigh potential costs among participants. New clear and visually 
interesting VR and/or AR products may help elucidate complex scientific concepts, and 
provide authentic student-based learning experiences through direct access points to 
scientific data and subject matter experts, or offer a firsthand view of scientific 
processes.  
 With current commercial trends in equipment production, and more translations 
of expert level, data-driven astrophysical content for VR applications being added 
(Baracaglia & Vogt 2020; Ferrand et al., 2016; Fluke & Barnes, 2018; Russell, 2020), it is an 
important time for the production of data-driven science-based content for learners 
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(Arcand et al., 2018; Ferrand & Warren, 2018). For example, the data that were used for 
analysis by scientists to discover aspects of Cas A’s 3D morphology are being presented 
across the pipeline of data visualization techniques via emerging technologies, for non-
experts to directly explore and experience without artistic enhancement (i.e., using the 
same version created by scientists, for scientists) (Arcand et al., 2018). Applications of 
the astrophysical data sets discussed in this section informed the development of the 
materials used in this thesis, to provide young learners with direct, immersive, and data-
driven experiences in VR, with captioning and/or sound, using Oculus Rift and phone-
based applications for accessibility (see Chapter 3 for further detail).  
  Underserved Audiences in STE 
The literature reviewed in the previous sections has shown that it is imperative to 
carefully consider the intended audience when developing data-driven astronomical 
visualizations, whether in 2D or 3D. The next section of the literature review will discuss 
evidence of the importance of young female learners' participation in STEM activities, 
the development of spatial reasoning skills, and the presence of encouraging role 
models, to open potential future pathways in STEM studies. In addition, this section will 
establish the importance of 3D printing and VR/AR technologies when engaging with 
such audiences for such purposes.  
 There are a number of terms used to define audiences that have historically been 
excluded from STEM fields. Such groups have been defined as underserved audiences:  
The term “underserved” deals with the demographic status of and the services that 
are offered or presented to a particular group. It is a segment of the community 
that is not currently being served by an organization. (Williams et al., 2009, p. 1) 
“Underserved” is a commonly used term, often used in a similar way to 
“underrepresented”. These terms will be used interchangeably in this thesis.  
 Identifying characteristics of historically underserved audiences, therefore, can 
include, in no particular order: gender, socioeconomic status, special needs/disability 
ethnicity/race, income, language, literacy skills, and geographic location. Whether, for 
example, a person identifies as female, lives in a rural area, is a person of color, is a non-
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native English speaker, or has a learning disability can seriously affect inclusion in STEM 
fields (Williams et al., 2009).  
 Specific to STEM learning, there are several obstacles and challenges that 
underrepresented groups can face. The next section will provide an overview of some of 
the issues facing the subgroups of underserved audiences of interest for this thesis.  
2.2.10.1 Women in STEM. 
The history of women's contributions to the fields of science, technology, engineering, 
and math is long and varied. But it often has been overlooked, and women remain 
underrepresented. Today, though women are in every STEM discipline, in every type of 
job, and represent the widest range of background and experiences, there is not yet 
parity in representation numbers, pay, or rank. In the U.S. alone women make up about 
47% of the overall workforce. That nearly gender-equal percentage does not, however, 
translate into STEM fields (Bureau of Labor Statistics, 2018).  To compare, in New 
Zealand, women make up about 48% of the total workforce, but are not near parity in 
STEM fields overall (Statistics New Zealand, 2015) 
 Women were positioned in about 26% of U.S. STEM jobs as of 2011 (Landivar, 
2013), which was a significant gain over the 7% reported in 1970, but still far from parity. 
Women currently make up about 39% of chemists/material scientists, 16% of chemical 
engineers, and 12% of civil engineers. The number of women in computer science 
careers has, however, decreased significantly during the past 20 years, reaching 26% in 
2017, down from 35% in 1990 (Bureau of Labor Statistics, 2018). Beyond the U.S., UN 
Women, in a report on data from 14 countries, indicated that female students graduate 
with a Bachelor’s degree, Master’s degree, and Doctoral degree in science-related fields 
at levels of 18%, 8%, and 2% respectively, as compared with 37%, 18% and 6% 
respectively for male students (Luchsinger, 2017). To narrow the scope of the 
representation of women in STEM as more closely related to the topics in this thesis, the 
areas of women in computer science and astronomy/physics are specifically addressed.  
 As stated above, computer science is the only STEM career path that has 
consistently shown a decrease in the number of U.S. women obtaining undergraduate 
degrees since 2002 (Larson, 2014; National Academies of Sciences, Engineering, and 
Medicine, 2020). In astronomy, the American Astronomical Society Committee on the 
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Status of Women in Astronomy reported that as of 2013, there were only 95 female full 
professors in astronomy in the U.S., versus 548 male full professors of astronomy 
(Schmelz et al., 2014). In 2013, Women made up about 14% of physics professors in the 
U.S. (Pollack, 2013). For minority women, however, the statistics tended to be much 
lower. In 2015, there were 83 black American women with PhDs in physics or a physics-
related area of study (Pitney, 2017).  
 Similarly in New Zealand, to compare, though recent enrollments towards science 
degrees are high, at 64 percent for women, representation is heavily tilted towards 
health and human subject related occupations, and away from engineering, technology 
and physical sciences, such as astronomy (Ministry for Women, 2018). For example, 
women were represented at less than 25% for engineering, and about 33% for 
technology (Ministry for Women, 2018).  As of 2013, women made up 21% of the work 
force in those three fields (Statistics New Zealand, 2015). 
  More broadly, representation in STEM careers is particularly low for women of 
color, where representation in such fields is below representation in the population 
more generally.  For example, Black and Latina women were each represented at 2% in 
science, engineering, and similar fields, below their representation levels in the U.S. 
population - at 7% and 8% respectively - as of 2015 (National Academies of Sciences, 
Engineering, and Medicine, 2020). Overall, only 1 in 10 women of color filled the position 
of scientist or engineer (National Girls Collaborative Project, 2016). 
2.2.10.2 Why More Women are Needed in STEM. 
There are a number of factors to consider in arguing for why more women are needed 
in STEM, as well as issues related to their positions in STEM fields, including better job 
security and pay (Langdon et al., 2011), as well as other practical and even life-saving 
reasons. 
 For example, females can experience more and varied side effects from 
medications than males do (U.S. Government Accountability Office, 2001); yet, such 
medicines can be biased towards male subjects (Beerya & Zucker, 2011). Traditionally, 
U.S. clinical trials did not have to be conducted on both male and female human 
subjects, with the result of adverse drug reactions more likely to occur in females (the 
cause of which is still not well understood, though ongoing research points towards 
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combinations of body size, dosage, physiology, drug metabolism, and drug clearance 
issues) (Soldin et al., 2011; Zopf et al., 2008).  
 Even after U.S. Congress passed a bill in 1993 to increase representation of women 
in such studies, there have been reports that a gender bias still exists in medicine in 
preclinical trials, clinical trials, and biomedical research (Beerya & Zucker, 2011; Kim, 
Tingen, & Woodruff, 2010; Levine, S., 2014), and a lack of evidence that clinical analyses 
are specifically including differences in the outcomes of clinical research by sex (U.S. 
Government Accountability Office, 2015; Hoff, 2019). The exclusion of females from the 
critical phase of clinical drug trials leaves female patients without the possible personal 
advantages of new medicines during trial states. Rather, they must wait until the 
medications are available to the public (Kim et al., 2010), though, it is fair to note that in 
being excluded, they of course did not suffer any potentially negative effects of clinical 
trials.  
 Studies, however, have shown that when heterogeneous parties are included in 
problem solving tasks, more comprehensive results can arise than if the parties were 
homogenous (Misao, 2014; Phillips et al., 2008). Therefore, it could be beneficial to 
include a higher diversity of researchers in fields such as biomedical engineering, where 
the ratio is approximately 1:6 for female to male workers in the U.S. as of 2016 (Bureau 
of Labor Statistics, U.S. Department of Labor, 2018). 
 Additionally, air bags, and related automobile features, have historically been more 
dangerous for women of smaller stature (as well as children) because engineers 
originally designed and tested airbags around the male body (Bloch, 1998; Criado-Perez, 
2019). Such issues of automobile safety have not been satisfactorily resolved worldwide 
(Linder & Svedberg, 2018, 2019).  
 Furthermore, recently there has been a rise of command-based speech towards 
digital personal assistants that are assigned women’s names and voices. For example, 
“Siri, play [song name]” or “Alexa, order some paper towels” are types of commands that 
adults use and even many children may learn to do as they play with smart devices. This 
could function as a powerful socialization tool that teaches members of society where 
the role of women, girls, and any who identify as female, is to respond on demand or to 
be commanded (Lever, 2018). 
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 Beyond representation issues, and beyond STEM jobs and outputs, lie more broad-
reaching reasons for improving girls’ interest in and potential prospects in STEM fields. 
From improving critical thinking skills (Duran & Sendag, 2012) to making up well-
informed citizenry (Marincola, 2006), STEM issues affect people in the voting booth, in 
government, in finance, in the world as a whole. What problems need solving, for whom 
they’re solved, and how they’re solved, with and in STEM fields, is an issue in which all 
people should participate.  
2.2.10.3 Intersectionality. 
If you're standing in the path of multiple forms of exclusion, you're likely to get hit 
by both.  (Crenshaw, 2016, p. 1) 
Crenshaw (1991), an expert and authority in civil rights, Black feminist legal theory, and 
race, racism, and the law, created the term “intersectionality” to define where the 
intersection of race and gender bias occurs. She noted that women of color cannot 
choose to be female one day and a minority the next. There are intragroup differences 
that must be considered when planning work with underrepresented groups in 
educational settings (Crenshaw, 1991).  
 In STEM fields, specifically, biases being encoded into applications and products 
created with artificial intelligence (AI) or machine learning algorithms, for example, can 
negatively affect people with darker skin. One MIT study found that facial recognition 
software has unusually high error rates among darker skinned females, a much higher 
error rate than lighter skinned females, and a slightly higher error rate than darker 
skinned males (Buolamwini & Gebru, 2018). An improved skin tone and better gender 
distributed dataset for AI training purposes was recommended, one that more closely 
represents the population as a solution to a highly problematic area that has greater 
implications in search applications and police databases (Lohr, 2018).  
 Similar issues have been found in physical products, such as auto-dispensing 
soaps that use infrared technology that do not “see” or recognize darker skin – or even 
more impactful products such as personal wearable health trackers and heart monitors 
(Fussell, 2017). Such technological errors and issues could have been avoided or at least 
decreased by paying greater attention to diversity and having a wider range of people in 
the technology and engineering fields that do not prioritize a white male body.  
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 A study by the Girl Scout Research Institute (2012) showed that there were multiple 
issues facing young minority female learners who might be interested in STEM topics, 
both as far as exposure and as related to specific barriers. Exposure to STEM topics and 
STEM fields, for example, was reported as lower for both African American as well as 
Hispanic young females in the U.S.  Caucasian female youths were more likely to be 
familiar with someone in a STEM career (61%), compared to African American (48%) or 
Hispanic (52%) female youths. Caucasian girls (70%) were also more likely to approach 
their parent(s) for information on career choices, compared to African American (54%) 
and Hispanic (54%) girls.  
2.2.10.4 STEM and Low Income Students. 
For low income students, there might be a significant learning gap (Neuman, 2006). In 
one of the few large-scale studies found that included young participants in after-school 
time programs, 1,600 students from grades 4 through 12 of various incomes throughout 
11 states in the U.S. took part in about 160 such programs (Ayoub, 2017; PEAR Institute, 
2016). Approximately 80% of the students reported positive gains in their STEM career 
knowledge, while 78% showed a positive change in their reported interests, and 72% 
reported a positive change in their perseverance and critical thinking skills. Perhaps 
most importantly, 73% of the students reported an increase in their personal STEM 
identity, or the belief that he or she can do well and succeed at STEM subjects (The PEAR 
Institute, 2016). However, it is useful to note that the large-scale results provided from 
the study did not provide statistics by gender or by the specific age group of interest for 
this thesis. 
 Between middle class and low-income children, it has been shown that the loss of 
access to such after-school programs may result in a 3,000-hour deficit in such extra-
curricular learning and engagement by sixth grade ("The 6,000-Hour Learning Gap", 
2013). Wealthier families may be able to devote up to 8 times more resources for extra-
curricular engagement than families that are less well off (Kawashima-Ginsberg, 2014). 
Similarly, a study published in 2011 from the University of Virginia found that middle 
school and high-school students who engaged in such out-of-school-time activities were 
more likely to have interests in STEM careers as college students than those who had 
not participated in similar activities (Dabney et al., 2011). Activities ranged from science 
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clubs or camps to competitions, and even reading or watching science fiction or popular 
science nonfiction (Dabney et al., 2011).  Alternatively, a study published in 2017 (Lynch 
& Kim) investigating the potential for online summer supplemental STEM learning, in 
this case specific to mathematics, showed positive results for reported engagement 
levels on behalf of the students in grades 3-9 for which the online learning program and 
laptop were provided. However, similar results were measured for achievement levels 
with the experimental and control groups, and no statistical breakdown by gender was 
provided (Lynch & Kim, 2017).  
 Additionally, the study from the University of Virginia (2011) reported that young 
learners who noted an interest in science-related fields by eighth grade were two to 
three times more likely to earn a STEM degree in college (Dabney et al., 2011). Girls who 
reported being interested in STEM typically had had greater exposure to STEM fields as 
compared to girls who reported not being interested in STEM. Therefore, if girls are 
exposed to STEM in learning enrichment programs, their likelihood of pursuing a STEM 
career might also increase (Dabney et al., 2011; Maltese & Tai, 2011). 
2.2.10.5 STEM and Differently Abled Learners: Blind and Visually Impaired.  
There are a number of types of differently abled learners. This section will provide an 
additional focus on the literature regarding BVI audiences.  Finding ways to increase 
participation for all learners in science and engineering can be a universal challenge, but 
it can be more challenging for students with disabilities, such as BVI students, as they 
are underrepresented in these disciplines (Villanueva & Di Stefano, 2017). Approximately 
11% of U.S. students in undergraduate programs reported a disability in 2012, and of 
those 11%, about 23% were enrolled in a science or engineering degree program 
(National Center for Science and Engineering Statistics, 2017). This compares favorably 
with the overall percentage of U.S. students seeking STEM-related degrees (about 25%, 
National Center for Science and Engineering Statistics, 2017). Those rates split further in 
graduate school with 19% of students with disabilities enrolling in science or engineering 
related degrees as compared with 21% for those not reporting as having a disability 
(National Center for Science and Engineering Statistics, 2017). For employed scientists, 
about one in nine scientists or engineers under the age of 75 reports a disability 
(National Center for Science and Engineering Statistics, 2017). Comparative statistics on 
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scientists with disabilities in New Zealand were not located online (Statistics New 
Zealand, 2015).  
 When considering the particular needs of BVI audiences, especially children, it is 
important to note that each individual’s development greatly correlates with the specific 
support or interventions that person has received in critical skills (Raisamo et al., 2006). 
It is also important to ensure that learners who are BVI take part in the development 
and testing of inclusive resources through the design of interfaces that build upon their 
different abilities (Skorton, 2018), and draw from a diversity of approaches to data 
representation that enhances the toolkit of science (Schmelz, 2015). This approach 
broadens the framework of participation for underserved populations more generally. 
 Creative spaces for hands-on activities and making (such as MakerSpaces) and 
related settings emphasize creative participation in the learning process that increases 
ownership of the material through critical thought, problem solving, and the 
incorporation of accessible technology in group settings (Giannakos et al., 2015). It also 
has been shown to increase the engagement and confidence of people with disabilities 
(Nosek et al., 2016). Sheppard and Aldrich (2001) reported that teachers were 
highlighting benefits of tactile graphics in that they could help pupils think in different 
ways, and help get across information that could not be explained in words alone. Many 
STEM subjects rely heavily on visual resources that can be inaccessible to students who 
are blind or partially sighted unless the material is presented in an alternative format 
(Cryer, 2013). Those with low vision or blindness can be particularly challenged in 
classroom learning, especially in STEM fields where instruction relies heavily on 
graphically conveyed information such as charts, graphs, diagrams, engineering 
drawings, data-based imagery, and 3D simulations (Beck-Winchantz & Riccobono, 2008; 
Cryer, 2013). Finding ways to help facilitate both the presentation and analysis of 
information in multiple ways and through multiple senses can help users detect details 
that might potentially be missed by focusing on a single sensory modality. Such 
methods could enhance the quality of knowledge obtained from the interpretation of 
results for the scientific community as a whole, BVI and sighted members alike (Díaz-
Merced, 2014). 
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 As noted by Jones and Broadwell (2008), “Similar knowledge of shape of common 
objects and similar principles of depiction are used by both blind and sighted children 
when interpreting pictures” (p. 287). This similarity illustrates the importance and 
relevance of “universal design” (Childers et al., 2015, p. 21), which creates objects 
(whether digital or physical) that are accessible to everyone, regardless of ability. The 
approximately 60,000 blind students in the United States alone, and 500,000 U.S. youths 
with vision difficulties or impairments (American Printing House for the Blind, 2016) 
could, therefore, benefit from STEM educational programming that is specifically 
designed to help place them on the same footing as their sighted peers.  To compare, in 
New Zealand, there are about 30,000 people overall who are blind or visually impaired, 
with about 2,700 of them youths or students (Blind Low Vision NZ, 2020). 
 There are other sensory programs in astronomy in recent years, with some built 
around sound (Quinn, 2012), others built around taste (Trotta, 2018), smell (Wenz, 2018), 
or touch (e.g., Christian et al., 2015). 3D prints can help serve the need for specific kinds 
of access incorporating modalities beyond sight. Research with BVI participants has 
suggested that, “the visual cortex is really multimodal or a combination of spatial and 
multimodal” (Jones & Broadwell, 2008, pp. 287-288). It seems reasonable that such 
multi-modality would be beneficial for both sighted and non-sighted participants.  
 The next section investigates the importance of spatial reasoning skills for young 
learners.   
 Spatial Reasoning Skills 
Understanding spatial abilities includes looking at how individuals “mentally represent 
and manipulate spatial information to perform cognitive tasks” (Hegarty & Waller, 2005, 
p. 138). Lohman (1993) defined spatial reasoning as "the ability to generate, retain, 
retrieve, and transform well-structured visual images" (p. 3). Spatial reasoning skills 
cover both spatial visualization and spatial orientation that relate to mental rotation 
skills, as well as orientation as aligned to the individual’s self or perspective (Hegarty & 
Waller, 2005).  
 The ability to think about objects in multiple dimensions, whether processing 3D 
information about a molecule or a building or 2D information of a photograph, as well 
as the ability to draw conclusions about objects, such as in interpreting a blueprint or 
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audio-based directions while navigating to a new location, are all examples of spatial 
skills (Dewar, 2018; Shah & Miyake, 2005; Thorndyke & Goldin, 1983). In referencing 
“visuospatial” or “visualspatial”, Hegarty and Waller (2005), referred to: 
information that is visual in nature (initiated by stimulation of the retina by light) 
and has spatial properties (involving the representation of space including 
relationships between objects within that space), and this information can either 
be sensed directly or generated from memory. (p. 188) 
 Spatial reasoning is currently understood as a critical skillset for a majority of STEM 
fields (Newcombe, 2010). It has long been considered an indicator of success in technical 
fields, dating back to early 20th century spatial testing on mechanical skills (Shah & 
Miyake, 2005). Studies have shown that such skills can function as early indicators of 
later mathematical success (Hegarty & Waller, 2005; Verdine et al., 2014) and of science 
performance (Uttal et al., 2013), as well as the pursuit of STEM careers more generally 
(Uttal & Cohen, 2012). Students in middle school classes who can successfully complete 
mental rotations (such as the Tetris block rotation), for example, have a higher 
probability of performing well in science class as compared with those learners who 
cannot (Ganley et al., 2014).  
 Additionally, very young learners who successfully visualize spatial relationships, 
either mentally or physically, have been shown to become more math-advanced in 
elementary school (Zhang et al., 2014). There is also research suggesting that very young 
learners with strong spatial skills develop stronger reading skills than those without 
(Franceschini et al., 2012). Spatial thinking can, therefore, be an important predictor of 
achievement in STEM (Dewar, 2018; Newcombe, 2010; Uttal et al., 2013; Wai et al., 2009).  
 Another consideration is that learners who demonstrate strong confidence in their 
abilities of task mastery have been shown to demonstrate better spatial skills than those 
without confidence (Gold et al., 2018). It would be useful to further investigate if the 
presence of strong spatial skills is directly correlated with increased confidence in 
learners, which, as noted above, may also be a critical component of leading to STEM 
interest in girls.  
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 STEM Focused Studies 
Focused studies around spatial skills and 3D objects in learning have ranged from 
investigations in geometry, to engineering and molecular biology. Manipulating 3D 
objects such as in learning geometry has been studied (Hwang et al., 2009; Yeh, 2007) 
with specific attention paid to the ability to use digital models to help “bridge the gap 
between the mental images of humankind and external representations around the 
world” (Hwang & Hu, 2013, p. 309). Hwang and Hu also noted that virtual environments 
can combine observation and manipulation for such learners to improve spatial 
reasoning skills, providing hands-on digital learning tools and problem-solving activities. 
 Hansen et al. (2004) compared classroom-based astronomy learning via traditional 
teaching and content techniques with new techniques where the learners were 
responsible for computing individual 3D models. Their research found that the learners 
using the computational techniques developed a sophisticated understanding of the 
spatial relationships involved in the astronomical concepts. The traditional learners, 
however, demonstrated an improved grasp of more general astronomical facts and 
figures. 
 Martín-Gutiérrez et al. (2010) referenced a digital/virtual teaching tool using AR 
technology to help in training of spatial abilities for engineering students by providing 
learners with accessible and inexpensive digital/virtual 3D models. This particular 
method used a book designed with AR, along with a web cam and average consumer-
grade computer. Results indicated positive impacts on spatial skills, as well as on 
perceptions of usefulness towards learning goals.  
 Gillet et al. (2004) noted that the use of 3D printed models of complex molecules 
has become common in molecular biology and related courses at the college level. 
Researchers are, however, investigating the effect of combining these physical models 
with emerging technology such as augmented reality. This would allow virtual 3D 
representations to be projected onto physical 3D prints, making the experience 
interactive, such that users can access different kinds of information, alternate 
representations, and display options. In this case, the physical model functions as an 
accessible, knowable interface for the enhanced computational and digital aspects. 
More generally, Pan et al. (2006) have demonstrated that virtual learning applications 
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may offer useful tools for participants to learn in a quick and efficient way when 
interacting with virtual environments. This research, therefore, has potential 
implications for the study and application of the VR tools and whether the findings could 
be generalized to STEM and with young learners.  
 Virtual Reality and Gender 
It is possible that individuals who demonstrate difficulty completing visuospatial tasks 
(e.g., the Tetris block-like mental rotation) are more likely to also experience motion 
sickness, or simulator sickness (SS), and women typically represent a higher percentage 
of those who experience SS (Boyd, 2000; Flanagan, May, & Dobie, 2005; Parker & Harm, 
1992). Other factors being researched that may influence a higher proportion of women 
experiencing SS include possible hormonal factors; differences between male-female 
fields of view, with women typically having a larger field of view than males; and 
potential issues with self-reporting in the studies, wherein males could be under-
reporting their side effects (Johnson, 2007). Additional research in both posture and 
visual acuity are also under consideration, which posits that females are more able than 
males to pick up greater detail in a field, which might make women more susceptible to 
SS (Koslucher et al., 2015). Regardless of the cause(s), such virtual environments and SS 
studies seem to indicate that current HMD VR systems not only pose some risk of SS, 
but that such systems may differentially affect females and males (Koslucher et al., 
2015). Such findings, if replicated with younger audiences, might indicate that gender 
must be considered when designing virtual STEM interventions for young female 
students. 
 Spatial Skills and Gender 
Individuals vary greatly in their ability to carry out spatial skills-based tasks (Thorndyke & 
Goldin, 1983), even within a gender group (Halpern et al., 2007). Most researchers seem 
to support the argument that there are differences between males and females in 
spatial skills, though there is not a consensus on any explanation for this (Maccoby & 
Jacklin, 1974; Linn & Petersen, 1985; Voyer et al., 1995; Yilmaz, 2009). Delays in the 
development of spatial skills in girls have been attributed to a variety of factors ranging 
from biological, such as hormone differences, to sociological or cultural, such as various 
cultural norms (Yilmaz, 2009). 
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 Research related to sex hormones has noted that the existence of a high percentage of 
sex hormones in retinas, specifically, indicates the possibility that testosterone can increase 
a subject’s ability to perform certain visual-spatial exercises such as mental rotation (Van 
Goozen et al., 1995). Though one investigation of female subject menstrual cycles showed 
spatial abilities changing during the cycle, with testosterone positively influencing spatial 
skills and estradiol negatively influencing such skills (Hausmann et al., 2000), another more 
recent analysis on the possible associations between hormone levels in female subjects and 
related cognitive skills in visualspatial areas cautioned against making conclusions based on 
small sample sizes (e.g., 12 female subjects) and tracking through only a single cycle (Leeners 
et al., 2017). Preliminary studies with transsexual participants in a study documented a 
reduction in mental rotation skills when the participant was taking hormones to transition 
from male to female, but that research was both incomplete and not replicated (Boyd, 2000). 
 Moving beyond sex hormones, according to a report by the American Association of 
University Women (AAUW) (Corbett & Hill, 2015), the stereotype that only boys are interested 
in or are good at STEM subjects can discourage very young girls from subscribing to an 
interest in these topics, and/or discourage families from encouraging the activities that 
might help prepare girls for such fields. Though infants at age 4 months have shown no 
gender differences in spatial skills (Slone et al., 2018), spatial skill differences by gender are 
evident by preschool ages (S. Levine et al., 1999).  
 Spatial skills have been shown to improve through targeted programs (Baenninger & 
Newcombe, 1995; Newcombe, 2010; Uttal et al., 2013) and in one case, to remove gender-
specific differences (Quaiser-Pohl et al., 2006). Thorndyke and Goldin (1983) showed that 
remediation efforts can focus either on providing the individual with additional cognitive 
resources (e.g., by teaching effective strategies) or by altering the task to fit existing human 
capabilities (e.g., by providing additional sources of information).  
 The literature is not clear, however, on the minimal time allowances required for 
spatial reasoning increases, however, particularly for young female learners. Lord (1985), 
showed that 30-minute interactions across 14 weeks could demonstrate visuospatial skill 
enhancement in post-secondary science majors, but no analyses were reported by gender. 
Wright et al. (2008) tested improvement capabilities in mental rotation and mental paper 
folding for post-secondary students (ages 18-43; n = 31) across 21 consecutive days with at 
least 15 minutes of practice each day. That study showed that improvements in the spatial 
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skills could be demonstrated, and that existing sex differences between the 14 male and 17 
female participants could be reduced or eliminated through the interventions.  
 Related studies have used multiple 1-hour or 2-hour sessions, spread across four 
or more weeks for college age students in degree programs like engineering, design or 
architecture, for science majors, or for post-secondary teachers of similar topics (see, 
e.g., Contero et al., 2006; Dominguez, Martín-Gutierrez, Gonzalez, & Corredeaguas, 2012; 
Lord, 1985; Martín-Gutierrez et al., 2013; Rafi et al., 2005). One notable study (Feng, 
Spence, & Pratt, 2007) (n = 48, ages 19-30) reported improvements after 10 hours of 
training for women (as well as men, but to a slightly lesser extent), via video game 
interventions. One other study published in 1992 with young children as participants (n 
= 23, ages 8-11) described spatial reasoning skill improvements from early VR 
technology-based interventions, but did not discuss the time, details or testing 
mechanisms of the activities, nor did it investigate gender differences (Merickel, 1992).  
 Research results concerning gender and spatial skills development have not 
established whether spatial reasoning delays in females are part of the reason for 
smaller percentages of girls being drawn to STEM skills or being retained in STEM tracks 
from early on. Such may be due to cultural conditions or other societal issues, such as 
conscious or unconscious bias (Lavy & Sand, 2015), or not (Bach, 2016; Girl Scout 
Research Institute, 2012), or related to issues of confidence (Heaverlo et al., 2013; 
Corbett & Hill, 2015; Leslie et al., 2015; Pajares, 2005; Perez-Felkner et al., 2017; Sarsons 
& Xu, 2015; Stoet & Geary, 2018). It also has not been determined whether there are 
recommended approaches or minimum time periods for targeted programs to improve 
spatial skills.  
 Spatial Skills & Video Games 
There is often a negative perception of how video games can affect children (and even 
adults), as framed in the media (Dewar, 2013), However, multiple studies have 
investigated the potential for positive impacts that video games might have on cognitive 
abilities beneficial to scientific thinking, such as spatial rotation skills and reaction times 
(Boot et al., 2008; Choi, & Feng, 2017; Dye, Green, & Bavelier, 2009; Feng et al., 2007; 
Green & Bavelier, 2007; Redick & Webster, 2014; Wu et al., 2012.). Palaus and colleagues 
(2017) analyzed 116 scientific studies on video games and brain health or brain 
 53 
functionality and found positive effects on attention and efficiency, and an increase in 
efficiency and size in regions of the brain related to visuospatial skills (though they also 
noted from the meta-analysis negative potentials in both attention and addiction 
issues). More specifically, Feng et al. (2007) concluded that improved spatial attentional 
capacity and function could be affected through interventions with interactive action-
based video games such as Halo or Grand Theft Auto, which may help to address the 
potential gender disparity in spatial attention.  
 Whereas Reilly et al. (2017) partially linked girls’ seemingly reduced levels in spatial 
abilities to perceived incompatibility of activities that build skills in spatial abilities with 
female gender roles, the competencies developed and tested in such interactive first-
person games could potentially be integrated into formats more appealing to those who 
identify as female. If adolescent girls were not stereotypically discouraged from gaming 
as a hobby, gamified interfaces might, therefore, work as an intervention for spatial 
skills. 
 Studies on whether emerging technologies can help to improve spatial skills and 
interest in STEM for underserved young females are lacking. The research to date 
suggests that it might be feasible that a high quality, targeted program could improve 
spatial reasoning skills for young females. Improvements in spatial skills might lead to 
improved interest, confidence, or science identity, as well, as discussed in the next 
section.  
Biases, Role Models and Identities: Additional Socio-cultural Issues in STEM 
Multiple studies have shown that STEM skills are learned (Hill et al., 2010) and gender 
bias still has a negative impact on girls’ noted interest in STEM fields from a very early 
age. Work from Spencer et al. (1999), for example, demonstrated the strength of 
stereotype threat for girls in mathematics testing among top math performers, where 
even the mention of gender bias in a test led to reduced performance for female 
participants. Group stereotypes (whether based on gender or race) “can threaten how 
students evaluate themselves, which then alters academic identity and intellectual 
performance” and can affect “members of any group about whom negative stereotypes 
exist” (American Psychological Association, 2006, p. 1). Gender bias not only supports 
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the perception that science and mathematics are “for boys,” but more importantly, that 
stereotype threat can lead to girls’ performance anxiety and low expectations on 
academic tests (Doyle, 2016). 
 A growing body of research has shown that there are significant sociocultural 
roadblocks for women in both the computer science and engineering fields. These 
barriers can greatly hinder determination of selection and study (Cheryan et al., 2015; 
Ceci et al., 2009). A meta-analysis conducted by Cheryan et al. (2017) of 1,200 papers on 
gender gaps in computer science, engineering, and physics, pointed to three primary 
issues. These included a masculine culture, which included three sub-issues of 
incompatibility stereotypes, negative stereotypes, and lack of role models, that can lead 
to women feeling less welcome in those fields; less early exposure or work within those 
fields; and reduced self-efficacy. The researchers noted that STEM programs could 
benefit by addressing problematic cultural issues as well as by building awareness in 
girls and boys that both are equally capable of succeeding in STEM careers. 
 It has been shown that even something seemingly minor, such as changing out 
posters and other décor in a computer science classroom to be less male-centered or 
geeky (e.g., Star Trek, Call of Duty) and more gender-neutral (e.g., images of nature or 
art), can help high school girls feel more welcome and more apt to opt in, while also not 
discouraging boys (Cheryan et al., 2015). This issue of belonging is likely linked to STEM 
identity, as discussed in the next subsection.  
 Identity 
As mentioned briefly in section 2.4.8.4, a personal STEM identity is the belief that one 
can do well and succeed at STEM subjects (Ayoub, 2017). The social aspect of the STEM 
identity is where participants can visualize themselves “accepted as a member of a STEM 
discipline or field” (Kim et al., 2018, p. 3). There may be a number of factors related to 
STEM identities that make it challenging, particularly for underserved groups like young 
women of color, to adopt such an identity for themselves (Steinke, 2017). Negotiating an 
identity as a girl or woman (and likely additional groups) while also adopting an identity 
in STEM can be challenging, though also eventually beneficial (Settles, 2014).  
 The challenges to reaching such an identity, however, may include not being able 
to picture oneself working in STEM, particularly for underrepresented groups (Chee, 
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2018). Additionally, the socio-cultural cues from others, such as those who seem to 
indicate that STEM is not cool and, therefore, is less acceptable among peers (Steinke, 
2017), or that women do not belong, particularly women of color (Kim et al., 2018), can 
be challenging. Self-efficacy is often lower in females than males generally (Gnilka & 
Novakovic, 2017), and related self-efficacy issues of belonging and confidence (Settles, 
2014) can therefore be difficult to navigate in formulating the STEM identity. 
Importantly, however, recent research has demonstrated that through interventions, 
STEM identity challenges can be positively influenced (Kim et al., 2018). The next two 
subsections briefly present two categories of biases that women in, or interested in, 
STEM can face. 
Sections 2.2.14 and 2.2.15, therefore, each relate to Bandura’s theory of self-
efficacy, which concerns one’s belief in one’s capabilities to perform tasks in specific 
domains in order to bring goals to fruition (Bandura, 1997). In these two sub-sections, 
self-efficacy relates to the importance of both mentorship, in regards to influence from 
others, and identity.  Self-efficacy can influence what choices and effort an individual will 
make to reach such goals, and also, importantly, if the individual will persist through 
difficulties and challenges to obtain those goals (Bandura, 1997; Rittmayer & Beier, 
2008). According to Bandura, there are four major sources of self-efficacy:  performance 
accomplishments, vicarious experience, verbal persuasion, and emotional arousal (1977, 
p.195).  Bandura's work further states that individuals with higher states of expectation 
towards self-efficacy, or the belief that they will be able to achieve their goal(s), tend to 
be more successful in comparison with individuals with lower expectations towards 
their self-efficacy. This is a useful topic as success in STEM subjects requires a strong 
sense of one's ability to succeed in such topics, and females can have lower senses of 
self-efficacy towards STEM than males (Williams & George-Jackson, 2014).  
 
 Explicit Gender Bias 
A 2011 University of Wisconsin-Milwaukee and National Science Foundation report, 
based on over 5,500 participants of women in engineering, stated that women who left 
the field of engineering were more likely to have done so because of sexist behaviors in 
their workplaces and feeling undermined by their managers or peers, as compared with 
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women engineers who stayed in their field (Fouad & Singh, 2011). Women who left the 
field were also not as likely to report educational or advancement opportunities on the 
job, nor general support for a work-life balance, as compared with women who stayed 
(Fouad & Singh, 2011). Therefore, women tended to leave not because they were lacking 
in skill or knowledge, but because of work environments that were less civil or 
supportive for women (Doyle, 2016). This may point to a possible explicit bias, or a bias 
that is more consciously held and that shapes how behavior towards certain groups of 
people is evaluated (Handelsman & Sakraney, 2015), and that could affect perceived 
notions about STEM careers for those who are making decisions on which fields to 
pursue (Girl Scout Research Institute, 2012; Girlguiding, 2016). 
 Implicit Gender Bias 
According to an American Association of University Women (AAUW) report, “women and 
men are exposed to the same stereotypes about women in math and science in U.S. 
culture and, on average, acquire the same implicit or unconscious ‘science/math=male’ 
biases by age 7 or 8” (Hill et al., 2010, p. 56). This bias is implicit, or the unconscious 
assumption that influences our judgment and perceptions of others (Handelsman & 
Sakarney, 2015), versus the more explicit bias described above. Studies have shown, for 
example, that many people, even scientists themselves, can maintain an unconscious 
belief that women are inferior in STEM fields or carry implicit assumptions regarding 
gender roles (see Caplar et al., 2016; Handley et al., 2015; Knobloch-Westerwick et al., 
2013; Macaluso et al., 2016; Milkman et al., 2015; Moss-Racusin et al., 2012; National 
Research Council, 2010; Wennerås & Wold, 1997; West, et al., 2013). Such unconscious 
biases can affect how adults talk to children, how family members select toys for them, 
and how educators address them in environments for learning (Hill et al., 2010). 
 Role Models 
As noted above, having a lack of visible role models in STEM fields currently 
underrepresented by women can be problematic. Lockwood (2006) stated that women 
specifically require female role models for success to feel attainable. Such a dearth of 
female role models has been shown to exist particularly in the media, with less 
representation than in reality (S. Smith et al., 2012). A worldwide study of over 4,000 
women on the representation of women in film and television, for example, reported 
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that about 90% of participants indicated female role models in the media are important, 
and about 60% reported female role models in the media had had influence in their own 
lives (Geena Davis Institute on Gender in Media, 2016). Recent reports have shown that 
role models positively affected the development of interest in careers for 1,600 girls and 
young women aged 7 to 21; whereas, the lack of such role models negatively affected 
the development of interest (Girlguiding, 2016). When females aged 11-21 discovered 
the lack of women representation in many leadership positions, 45% noted that they felt 
that they had less chance of success, as well (Girlguiding, 2016).  
 It has been known for over three decades that interventions with women scientists 
for adolescent female learners can positively affect female learners, and benefit 
adolescent male learners as well (Smith & Erb, 1986). From demonstrating higher rates 
of interest in the subject matter than participants who did not speak with a female 
scientist engineer (Girls STEAM Ahead with NASA & NASA’s Universe of Learning, 
unpublished, 2017), to increasing the percentage that enrolled in science programs after 
high school (Breda et al., 2018), very short-term interventions (of approximately one 
hour) have been shown to produce positive results for female learners. Furthermore, 
exposure to role models is likely closely connected to formulating a stronger sense of 
STEM identity (Rosenthal et al., 2013; Young et al., 2013).  
Summary 
Research findings have established that females do not participate in STEM studies as 
much as males and are less likely than males to pursue STEM careers. This literature 
review has demonstrated, however, that there is some evidence that if young females 
participate in STEM activities, are assisted to develop spatial reasoning skills, and have 
encouraging role models, they are more likely to become more interested in continuing 
with STEM studies. In addition, 3D printing and VR/AR have been shown to be highly 
engaging in general; yet, evidence indicates that those areas and activities are still 
oriented towards or dominated by males. Therefore, a program of high quality that 
explicitly brings 3D printing and VR/AR to underserved young females in a focused 
fashion, that utilizes spatial reasoning, and is presented with positive role modeling, 
should lead to more positive dispositions towards STEM-related fields for these 
underserved females. 
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 This thesis will focus on the potential for improving spatial reasoning skills and 
encouraging STEM interest in underrepresented groups of young female learners, 
recognizing that those who identify as female can belong to multiple sub groups of 
underrepresented learners, and that issues of intersectionality cannot be separated 
from individuals (Crenshaw, 2016). As stated at the outset of this chapter, it is 
recognized that among potential cultural biases, stereotype threats, and/or issues with 
group and personal identities, there is not any single or simple mediation, nor is the 
researcher suggesting young female learners need to be “fixed.”  The intent is to 
investigate potential interventions that may be implemented to help counteract cultural 
biases (implicit or explicit), and create such tactics or strategies towards the overall goal 
of improving accessibility, interest, and parity. With that said, the author restates the 
primary research question for this thesis as: 
What are the quantifiable effects of data-based 3D models and prints on 
improving spatial reasoning skills and interest in STEM fields in under-represented 
groups, particularly of young female learners?  
 The next chapter describes the researcher’s methodologies used for investigating 
the research question. A mixed methods approach is presented, utilizing qualitative 
research for the initial study (Study 1) to inform the design of the quantitative research 
for the second study (Study 2). It also provides details of ethical procedures followed, 
the instruments and procedures used to collect the data, methods of analysis used, and 




3 Chapter 3. Methodology 
 
This chapter will address the methodology that was used to investigate the quantifiable 
effects of data-based 3D models and prints on improving spatial reasoning skills and 
interest in STEM fields in under-represented groups of young female learners. This 
chapter begins by describing the methodological framework that was used to examine 
that research topic. The justification for using mixed methods, using one qualitative 
study and one quantitative study as the foundation for the design, will then be 
presented. That is followed by the research design, ethical considerations, and methods 
of analysis, presented separately for each study. This chapter concludes with how the 
qualitative and quantitative data were integrated, and discusses issues related to 
validity, reliability, and trustworthiness.  
Pragmatism and the Mixed Methods Design 
Mixed methods research is an inclusive, complementary, and creative form of research 
that allows the researcher to integrate more objective data collection and analyses in 
quantitative techniques (such as surveys) with more typically value-bound qualitative 
techniques (such as interviews) to provide a workable approach to exploring a research 
question (Johnson & Onwuegbuzie, 2004). In quantitative research, objectivity is 
necessary and obtainable with the goal of results that can be produced both reliably and 
validly; in qualitative methodologies, a researcher can prioritize relativism and 
humanism in the research, often utilizing rich, empathetic description. Additionally, in 
both quantitative and qualitative methods, researchers use techniques designed to 
obtain the most amount of meaning from the data that is feasible without going beyond 
the limitations of the data (Onwuegbuzie & Leech, 2005). Leveraging mixed 
methodologies, therefore, allows for a potentially more in-depth examination of a 
research question by combining objective techniques with the “voice” of the 
participants.  
 Thus, in this research, a mixed methods approach was used to both inform and 
augment the quantitative analyses with qualitative information. In particular, the 
qualitative data were used to assist with theory building, to add clarification for the 
 60 
quantitative research design, and to help interrogate and illustrate the data obtained 
from the quantitative data collection (Onwuegbuzie & Leech 2005). In this case, a 
monomethod (of either just qualitative or just quantitative design) would not have 
maximized the ability to investigate the research topic.  Therefore, the research for this 
thesis was conducted in two studies. The first was a qualitative study, involving personal 
interviews; the second was a quantitative study, using evaluations and surveys.  
 The first part of this research was a qualitative study that, as stated, was 
conducted to inform the theoretical groundwork and design of the quantitative study, as 
well as to help not only explore but also make sense of the data collected in the 
quantitative study (Creswell, 2009). The following quantitative study formed the majority 
of the research to address the stated research questions. Therefore, the progression of 
qualitative leading to quantitative was selected because in that way, the mixed 
methodologies could provide an “interactive continuum” for the research (Onwuegbuzie 
& Leech, 2005, p. 380). It was clear that a qualitative approach for the first study would 
help identify the most important variables to examine in the main body of research, and 
provide some flexibility in investigating and framing the research, while a quantitative 
approach for the second study would ground the structure of the inquiry (Creswell, 
2009). 
 Mertens (2010) outlined the use of mixed methods in addressing issues of social 
justice or human rights, in particular with underserved communities and 
underrepresented populations, as is central to the research question. As the researcher 
is a member of the broader community upon which this thesis is focused, her 
background and experiences could not practically or completely be separated from the 
research questions or methodologies. As such, using mixed methods was also chosen to 
help further reduce potential weaknesses such as biases of the researcher, and build 
upon complementary strengths of knowledge frameworks, experiences, and networks 
(Morgan, 2007).  
With the use of both qualitative and quantitative approaches, pragmatism 
(Johnson & Onwuegbuzie, 2004) was chosen as the research paradigm for the study. 
Pragmatism was selected as it allows that there is a subjective reality or “real world,” 
although within that subjective reality there are different world views or perspectives 
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(Johnson & Onwuegbuzie, 2004). Pragmatism, therefore, frames the combination of 
those perspectives in considering the stated research questions with an eye towards 
“workability,” while understanding that “our values and our politics are always a part of 
who we are and how we act” (Morgan, 2007, p. 70). A strong value of pragmatism for this 
research is the rejection of having to choose between information gained in context, and 
universal or generalized information. Rather, pragmatism permits combining the 
knowledge gleaned from one method (qualitative) and using it to direct or frame the 
information to be collected in another method (quantitative) (Morgan, 2007). 
 Finally, it has also become more prevalent in research to use mixed methods as 
related to educational outcomes, as mixed methods can help capture both precise 
measurements while also capturing the social and cultural contexts specific to the 
educational phenomena (Ponce & Pagán-Maldonado, 2015).  
 Research Design 
As this thesis concerns young females, especially those in underrepresented groups, it 
was necessary to gain perspective on possible historical reasons for young women 
typically being less engaged with STEM subjects than are young men.  Issues concerning 
women in STEM have been studied previously of course (see e.g., Cvencek et al., 2011; 
Ganley & Lubienski, 2016; Heaverlo et al., 2013; Corbett & Hill, 2015; Leslie et al., 2015; 
Pajares, 2005; Perez-Felkner et al., 2017; Sarsons & Xu, 2015; Stoet & Geary, 2018), but 
personal interviews that aim to collect information on how early experiences could 
inform current practice were not found in the extant literature.  
 Study 1 (qualitative), therefore, was designed to address and explore those 
potentially important historical perspectives to, as stated, help inform the design of 
Study 2 (quantitative), which involved working directly with young women to investigate 
the research question: What are the quantifiable effects of data-based 3D models and 
prints on improving spatial reasoning skills and interest in STEM fields in under-
represented groups, particularly of young female learners? The next section will briefly 
describe Study 1. 
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 Study 1. Women in Science, Technology, Engineering, & Math: Investigating 
Obstacles, Biases, and Perceptions  
Study 1 was undertaken to gain an understanding of the types of obstacles and 
challenges that underrepresented groups of females potentially face specific to STEM 
learning. Therefore, Study 1 explored the following research question: Specific to STEM 
fields, what are some of the obstacles and challenges that female-identifying 
underrepresented groups can face? Data were collected by the researcher in a series of 
individual interviews of women who represented a variety of underrepresented groups 
and who were currently working in a STEM-related career. 
3.2.1.1 Perspective.  
It is important to reiterate key relevant points of the literature review to clarify the 
perspective underpinning Study 1. It is understood that those who identify as female 
can belong to multiple sub groups of underrepresented learners, for example, as 
women of differing nationalities or ethnicities, cognitive or physical abilities, socio-
economic status, geographic location, etcetera, and such issues of intersectionality 
cannot be separated from the individuals (Crenshaw, 1991). These identities, of being 
female, of being a person of color, of residing in a rural area, of being a non-native 
English speaker, or aligning with another identity, have the potential to seriously affect 
acceptance in STEM communities (Williams et al., 2009).  
 Women's contributions to STEM fields, though substantial, are often undersold 
and not often recognized (Broderickn & Casadevall, 2019; Dutt et al., 2016; Freund et al., 
2016; Moss-Racusin et a., 2012; Nittrouer et al., 2018; Sege et al., 2015). Parity has not 
been reached in women’s representation numbers in STEM careers, their pay, or their 
rank as compared to men in the same careers (Holman et al., 2018; Landivar, 2013; 
Moss-Racusin et al., 2012; National Science Foundation, 2018; Shen, 2013). Furthermore, 
representation of women in STEM fields is critical for a number of societal issues 
including nurturing critical thinking skills for well-informed citizens in governmental, 
commercial, or personal decision making (Duran & Sendag, 2012; Marincola, 2006); 
providing unique viewpoints and experiences (Buck et al., 2008), to improve the 
production of materials, goods, or services that benefit women’s health or safety (see, 
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e.g., Beerya & Zucker, 2011; Bloch, 1998; U.S. Government Accountability Office, 2001); 
and improving job security and equality of pay (Langdon et al., 2011).  
3.2.1.2 Participants.   
Participants in Study 1 were 11 women currently active in STEM fields, aged 30-70, 
identified through the researcher’s professional networks. The 11 participants were an 
ethnically diverse sample (representing one Latina, two African-American, one Indian-
American participants, and seven white participants) of scientists including astronomers, 
a cosmologist, a planetary geologist, an astronaut, a biologist, an engineer, a 
technologist, and a mathematician. Eight were prominent in their fields, and four 
identified publicly within LGBTQIA+. Although all of the participants gave permission to 
use their names when reported on in this research, they are referred to in this thesis by 
their occupations. 
 The researcher had no supervisory role over any of the participants, or other 
coercive professional or personal relationships with them that might have made them 
feel obligated to agree to take part in this research.  
3.2.1.3 Materials.  
Based on the literature that was reviewed, as well as the knowledge and experience by 
the researcher as a woman in STEM, questions were developed to guide the sessions. 
The interviews followed a semi-structured format; but all included the following 
questions: 
1. Please tell me about your educational background and work experience. 
2. What was your career path? 
3. What were the attitudes towards women in STEM fields when you were 
starting your career? 
4. What made you decide on a STEM career? What sorts of things led you to 
believe that you wanted to be a scientist? 
5. Next, I’d like to know whether you hesitated to pursue your STEM field. If 
so, why? Did anyone encourage you? Discourage you? If so, how? (note 
gender of encourager) 
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6. How many other women were pursuing or had active careers in your field 
when you started? 
7. What might have prevented you from being successful in your chosen 
field?  What hurdles did you need to overcome? 
8. How has the climate toward women changed in your field since you 
started?  
9. What suggestions do you have for engaging young women in STEM fields? 
10. What suggestions do you have for retention of young women in STEM 
fields? 
3.2.1.4 Procedure. 
An email invitation to participate in the study was sent to 12 women in STEM careers, 
along with an information sheet and consent form. Out of all those asked to participate, 
only one did not respond. In the email invitation, the researcher offered to call the 
potential interviewees to discuss the project and respond to any questions prior to the 
interviewee giving consent. Ten of the participants noted satisfaction with email 
discussions and did not find it necessary for the researcher to call; one participant 
requested a short call to clarify the purpose of the interviews and how they would be 
analyzed.  
 Once the 11 women who responded to the original email agreed to participate, 
arrangements were made for a mutually agreeable time for the interviews. Each 
interview was conducted over the phone and lasted from 60 to 90 minutes. Due to the 
varied geographic locations of the participants, the interviews were conducted over an 
iPhone with a recording application installed.  At the start of each interview, the 
participant was provided with a refresher on the study’s purpose and an opportunity to 
ask questions. Each participant then orally confirmed her permission to have the 
interview recorded.  
 All interviews were transcribed by a secure digital service and reviewed by the 
researcher to correct for inaccuracies in the transcription process (e.g., names 
misspelled or garbled sounds). Participants were provided the transcriptions to edit or 
delete any sensitive or undesirable information and make other corrections as needed. 
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Two participants provided edits to the transcripts; one removed a small amount of 
sensitive information (specific names and dates that had been discussed), another 
added a few minor notes for clarity (such as a URL).  
 The interviews took place from March 2018 through September 2019, with the 
majority of the interviews occurring from March to mid 2018. Reviewing and coding the 
transcripts, and analyses, occurred throughout the remainder of 2018 through 
September 2019. 
No compensation was offered or requested. 
3.2.1.5 Ethics. 
The University of Otago Human Ethics Committee approved this research as a Category 
A application (see Appendix A for the approval letter). Participants were informed of the 
purpose for which the researcher was collecting the information, and the uses proposed 
to make of it. They were informed who would receive the information and they were 
also informed of their rights of access to and correction of personal information. They 
were informed that the researcher intended to publish the results in her thesis and that 
it was anticipated that the results would be presented at a conference, and perhaps in 
professional publications or peer-reviewed journals. Participants understood that each 
would be forwarded a summary of the research and links to any publications once that 
occurred. Participants were informed they could withdraw from participation in the 
project without any disadvantage to themselves. As noted previously, the researcher 
was not in a relationship with participants such that they might feel obligated to 
participate, and they were assured that their participation/non participation would not 
impact them in any way. 
3.2.1.6 Analysis. 
The data were analyzed following Straus and Corbin’s (1998) grounded theory approach, 
with an iterative method. Five iterations were used in reviewing the interviews, to 
accurately represent the data. As this was new research for the field, the researcher 
used inductive themes derived from the data, instead of deductive themes that 
otherwise might have come from existing research (O'Reilly, 2009). Representative 
quotes were selected and categorized by the interviewee’s occupation (e.g., 
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“mathematician”). An excerpt from the coding for one participant is shown Table 3.1, as 
an example. Excerpt coding for each participant is shown in Appendix B.  







Table 3.1   
Study 1 Interviews - Sample of Quote of Selection for One Participant ("Astronomer") 
Influencers “How do I how do I deal with a professor who doesn't 
support me, who doesn't want to write me 
recommendation like there's no class that teaches you 
how to do that. . . if you don't have good mentors around 
you to help buffer those negative things you're just going 
to wash out. And so that's what I...try to focus on is kind 
of helping support them do the science they want to do 
but also giving them the interpersonal kind of the social 
skills to help them because you're going to face these 
things.” 
“...when he's mentoring students like it's for him...it was 
about building the community around them so they go 
out and they eat. They feel this sense of...unity that they 
belong because there's so many microaggressions and 
just outward aggressions that say you shouldn't be here. 
You know, kind of what is said to minorities. There's 
this...sense you shouldn't be here and so building that 
sense of community you say you belong here.” 
Educational 
Experiences 
“So my interest in astronomy as a career path initially 
started out as really wanting to be a teacher...this 




“And I think sometimes when people hear that you're 
coming from an HBCU [Historically Black College and 
University] they kind of immediately assume that you 
have gaps in your education or maybe you're not as 
smart, like it's not anything in what they're saying but it’s 
kind of an attitude - like you're here but you're only here 
because you're part of this special program because you 
needed it and that's, it - it's all these little 
microaggressions that begin to add up.” 
Attitude Changes “I think there are some good changes that have 
happening I know statistics, statistics-wise was the 
number of women in STEM field has increased since my 
time. But one thing that hasn't changed much since kind 
of going into the STEM field is the number of minorities 
who are getting their master’s or they're getting their 
Ph.D. And that hasn't changed. So it's a little 
discouraging.” 
Recommendations “But I want to be able to explain this to other people, 
that real world like I think there’s just so many studies 
that I'm sure you' read and I've read that's one of the 
connections to get our young women into STEM, is the 
‘why,’ why is this important?” 
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3.2.1.7 Study One informing Study Two. 
This study involved a qualitative piece of research conducted first to lay the groundwork 
to help inform the quantitative study.  The quantitative study then formed the bulk of 
the overall research.  Based on the qualitative findings (see Chapter 4 for further details 
of these findings), the researcher made specific changes to the research plan for the 
quantitative study. The first adjustment was due to participants in the qualitative study 
describing their own experiences towards STEM pathways at very young ages, as well as 
some expressing explicit concern that girls needed to be reached even before entering 
middle school. Therefore, the researcher lowered the bottom end of the age range for 
the quantitative study to include upper elementary in order to help make it more 
inclusive of younger participants.  Additionally, the researcher made sure to provide 
data in different formats and coded to U.S. Section 508 standards (United States Access 
Board, 2000) to be more inclusive for differently abled learners as recommended by 
some interviewees, and in compliance with U.S. government standards, as the data were 
collected in the United States.    
 Furthermore, as role models and mentors were prioritized by each 
interviewee, materials incorporating stories of diverse female role models in 
STEM were provided as handouts and reviewed at the end of the workshops.  
Finally, the researcher incorporated personal stories of failure, resilience, and 
creativity into the introductions and wrap-up portions of the workshop 
(described in greater detail in the next section). These additions were a direct 
result of hearing such themes expressed as having importance in the qualitative 
study.  
The next section will describe Study 2.  
 Study 2. The Potential Effects of NASA 3D Data-based Models and 3D Prints on 
Spatial Reasoning Skills and STEM Interest in Young Female Learners 
As described in Chapter 2, spatial reasoning skills concern the ability to mentally 
manipulate 2- or 3-dimensional objects to visualize what the objects represent (Hegarty 
& Waller, 2005). Research has shown that spatial reasoning can be a critical skillset and 
indicator of potential success for many STEM fields (Hegarty & Waller, 2005; Shah & 
Miyake, 2005; Uttal & Cohen, 2012; Uttal et al., 2013; Verdine et al., 2014). Study 2, 
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therefore, investigated the effects of a targeted program using astronomical 3D models 
and 3D printing, to explore whether spatial reasoning skills and interest in STEM fields 
would be increased for a sample of females aged 10-15.  
 Study 2 included working with young female learners in half day or full day 
workshops where participants explored working directly with NASA data through coding, 
3D modeling and printing, and virtual reality through computer or digital based 
applications as well as supplementary paper-based activities.  The workshops, along 
with what was measured, are described in detail in the procedure section below 
3.2.2.1 Perspective. 
Proficiency in spatial reasoning can be considered as an important STEM factor (Dewar, 
2018; Uttal et al., 2013; Wai et al., 2009). Spatial reasoning skills have been shown to 
help indicate success in technical fields (Shah & Miyake, 2005), as well as functioning as 
an indicator of mathematical success (Hegarty & Waller, 2005; Verdine et al., 2014), 
science performance (Uttal et al., 2013), and STEM career pursuit (Uttal & Cohen, 2012). 
Students successful in spatial reasoning tests have been shown to have a greater 
likelihood of better performance in science classes, as compared with learners who did 
not test as well (Ganley et al., 2014).  
 Over nearly half a century, research has established differences in spatial skill 
performance between males and females, with females having a tendency towards 
delayed development (Halpern et al., 2007; Linn & Petersen, 1985; Maccoby & Jacklin, 
1974; Voyer et al., 1995; Yilmaz, 2009). However, this is not well understood (Linn & 
Petersen, 1985; Maccoby & Jacklin, 1974; Voyeret al., 1995; Yilmaz, 2009). Possible 
explanations have included biological, sociological, or cultural differences as underlying 
the delay (Yilmaz, 2009).  
 More recently, and encouragingly, spatial reasoning skills have been shown to be 
improvable through the application of targeted programs (Gold et al., 2018; Hwang et 
al., 2009; Uttal et al., 2013; Yeh, 2007), through the use of virtual environment targeted 
approaches (Hwang & Hu, 2013). Virtual 3D modeling specifically has the potential to 
provide a vehicle to help users gain new perspectives that might also positively affect 
spatial reasoning (Amorim et al., 2015; Berra et al., 2014; Craig et al., 2013). This might 
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be particularly effective when used in combination with physical 3D models (Takagishi & 
Umezu, 2017).  
 Research to date, however, has not focused on female learners, especially those at 
an age when they are on the cusp of making educational and career decisions 
concerning STEM fields. Therefore, Study 2 incorporated 3D environments and 3D 
printed models, including those developed by scientists and technologists from NASA’s 
Chandra X-ray Observatory (Arcand et al., 2017), in a targeted program designed to 
study spatial reasoning skills and interest in STEM fields with young female learners. 
3.2.2.2 Participants.  
In Study 2, 117 upper elementary and middle school ages (range of 9-15 years) were 
invited to participate. All female-identifying students participating were recruited from 
networks with which the researcher works, namely: a local girls day camp group, a local 
private all-girls school, and local scouting organization. To protect anonymity, these will 
be referred to as Camp Group, Private School and Scout Group.  Anyone who did not 
have signed consent forms (or interest) would still able to participate in all of the 
activities and would not be excluded from the program, but would not have been 
included in the data collection for this study. As Table 3.2 shows, a majority of the 
participants came from the all-girls school, and no one declined participation.  
Table 3.2   
Workshop Participants and Declines Per Location  
 
Number participants  
per location 
Number of declines  
per location 
Scout Group 29 0 
Camp Group 29 0 
Private School 59 0 
 
3.2.2.3 Materials. 
There were three instruments used in Study 2,; a demographics questionnaire, a spatial 
skills evaluation, and a STEM interest inventory. The full list of questions and items are 
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provided below and in the appendices. The materials used in the workshops are also 
described, with screen shots shown in the appendices. 
3.2.2.4 Demographics Inventory. 
The demographics inventory was developed for Study 2 (see Fig 3.1). The items 
on the inventory included age, grade, gender, ethnicity, zip code, activity location, 
self-rated knowledge of STEM and hours of video games played per day. Age, 
grade, gender and ethnicity information, zip code and location were collected to 
ensure the sample groups closely represented the targeted population.  Self-
rating information and estimates of how many hours of video games are played 
per day were collected to later assist with the examination of the data in the 
spatial skills and inventory responses. 
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Figure 3.1  























3.2.2.5 Spatial Skills Inventory. 
The spatial skills instrument used was the freely available "Spatial Reasoning Test | 
123test.com," (123test, 2019) and is provided below as a quick-look image (full text of 
the inventory available in Appendix C).  
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 In pilot testing with a small group of students (n = 4) prior to data collection, it was 
determined that the full evaluation of 10 items from the original instrument was too 
lengthy for the age group of the participants. Therefore, the total number of items on 
this evaluation was reduced to the first five examples for the data collection.  This 
instrument is a long-established approach to assessing spatial reasoning skills. The 
reliability statistics, while not available for this instrument, were computed for the data 
from this study and are presented in the results chapter. 
 During use in the workshops, however, the researcher adapted a strategy to help 
assist participants who struggled with the spatial instrument, whereby an example of 
the folding exercise that had not been included on the instrument was reviewed as an 
example in front of all participants. The researcher and facilitators then followed up 
after this demonstration by going around to the tables to clarify what was required 
amongst smaller groups of participants or individuals as needed.   
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Figure 3.2  















3.2.2.6 STEM Interest Inventory. 
The STEM interest inventory used was the “Instruments for Assessing Interest in STEM 
Content and Careers” (Tyler-Wood et al., 2010). It was used with the written permission 
of the authors, and has good reliability (see reliability section). The inventory comprises 
five opposite word pairs repeated across each topic of science, math, engineering, 
technology, and STEM careers (see Appendix D for the full inventory), with participants 
making selections across a 7-point scale. Figure 3.3 below presents the first subscale as 
an example.   
Figure 3.3  
First Subscale from STEM Interest Inventory
 
Workshop Materials 
The activities used in Study 2 applied the information gained from researching the data 
processing and 3D modeling pipeline as described in Chapter 2.  The order of the 
activities was chosen to build up the participant towards a knowledge base of a topic 
that likely many had not had access to before the workshops, as data visualization of 
deep space observations is not typical course content for elementary and middle school 
grades in the U.S.  Care was taken therefore to be sure participants did not feel like they 
were being dropped into a large pool of esoteric 3D data but rather to help provide the 
underpinnings of how that data is collected, what scientists do to the data and why, as 
well as “how do we know?” what the data mean. From providing an overview of the 
information and coding underlying space-based data, to incorporating 3D data sets and 
virtual reality, the following sections provide details on each activity used in the 
workshops.  
 All materials used in the workshops provided multiple modes of accessibility for 
participants. Virtual reality applications utilized audio tracks and closed captioning, 
tactile 3D prints of data sets were provided, all videos used had audio and text 
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transcripts incorporated, images were appropriately tagged with alternative content for 
screen readers, and all digital files (such as PDFs) were coded to U.S. accessibility 
standards.   
 Binary Code: Nametag Materials 
The researcher introduced binary code, what it is, and how it is used to talk to 
spacecrafts and other electronics as the first topic.  Blank “Hello my name is” nametags 
and pens were provided for each of the participants as a warm-up activity. The 
participants used a binary code chart to convert their first name, nickname, or initials 
into strings of ones and zeroes (see Figure 3.4; see Appendix E for the full activity sheet).  
(Arcand, 2017a) 
Figure 3.4.  
Screenshot of First Page of Binary Code Name Tag Activity 
Directions: Use the chart below to write your name in 
binary code on your nametag. 
For example, here is "Chandra" written in binary 
code: 
01000011 | 01101000 | 01100001 | 01101110 | 
01100100 | 01110010 | 01100001 
 
Using the chart below, can you tell what name is written here? 01011000 | 01110010 | 




Participants were introduced to working with 2D NASA data through the application of 
an online browser-based tutorial - using the Pencil Code language - co-created between 
the researcher and Google CS Ed (computer science education) as well as the AAS 
(American Astronomical Society).  The tutorial includes seven interactive modules with 
video and step-by-step instructions.  In this activity, participants are guided through 
each step of the tutorial collectively but then complete the computer-based work as an 
individual or in pairs with input from facilitators as needed.  The next chapter details the 
length of the modules completed for the imaging activity per location. 
 Working with data from NASA’s Chandra X-ray Observatory and other telescopes, 
on topics from exploded stars, to star-forming regions, to the area around black holes, 
students learn basic coding (though no coding experience is required) and follow video 
tutorials to create colorized images of the Universe. The activity therefore starts the 
participant with an introduction to computers making red, green, and blue (RGB) colors 
on a screen using values between zero and 255.  Next, they explore filters and using a 
coloring function that maps input RGB colors to output RGB colors. The third module 
lets the participant mash up two images using a coloring function to mix red, green, and 
blue light from multiple images.  
In the fourth module, participants see how astronomers combine different images 
to create a single colored image of the leftovers from a star exploding.  In the fifth 
module, participants explore a deep six-wavelength stack of astronomy images, and 
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create their own unique RGB image of a star-forming region.  In the sixth module, they 
examine the remnants of a supernova observed from Earth in the 17th century. The 
final module steps participants through X-ray data revealing a supermassive black hole 
at the center of a galaxy. The full activity sheet can be found in Appendix F (see also 
http://chandra.si.edu/code for further details). All of the user-created objects are saved 
into the participants’ free accounts where they can be accessed after the workshop 
(Arcand, 2015). 
Figure 3.5  











 3D Modeling and Printing 
After experiencing 2D data processing, participants then learned about using 
astronomical data to create 3D models and prints using an online browser-based 
application that steps learners through five modules.  The modules move participants 
from an introduction to working in a 3D space to advanced concepts working with actual 
NASA 3D data.  This module utilized the TinkerCad application, free online software 
common in educational venues or settings.  Similar to the imaging activity, in the 3D 
modeling activity participants are guided through each step of the tutorial collectively 
but then complete the computer-based work in pairs with input from facilitators as 
needed. 
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 This segment assumed no prior experience in 3D modeling, and therefore, as 
mentioned, provided an introduction to TinkerCad commands and an overview of using 
a 3D workspace.  The participants created multiple new 3D designs in the application, 
beginning with a simple accretion disk (a disk of gas and dust that can accumulate 
around various kinds of stars or black holes) and followed by a basic Earth-Moon 
system.  These first two modules introduced the astronomy underpinnings of the 
activity while also requiring users to become familiar with shape-making, use of 
zoom/pan/rotate, and solid and pattern filling.   
 Module three launched the participants into a more complicated object, a “Proto-
Chicken” that required more complex shapes, utilization of the special shape library built 
in to TinkerCad, and more advanced placement and overlap of items in a 3D space.   The 
proto-chicken is typically the most time-consuming part of the unit.  The fourth module 
gives the user free time to flex their 3D skills by free-forming any kind of celestial object 
using non-uniform shapes.  The final module requires the loading of a real NASA 3D 
data set of a supernova where participants can manipulate the object to their liking.  All 
of the objects are saved into the participants’ free accounts where they can be accessed 
after the workshop for 3D printing. Appendix G provides the full activity sheet, and 
further details may be accessed at http://chandra.si.edu/tinkdercad. (Arcand, 2017c)  
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Figure 3.6  
Sample Images from 3D Modeling Activity 
 
 Origami 
Participants were provided with a non-computer based, hands-on activity, working with 
basic spatial information by folding special paper into a simple star as a non-expert 
origami activity.  Origami provides solutions to many problems in modern science and 
engineering. For example, origami-inspired techniques are used to unfold stents in 
clogged arteries, release airbags during automobile collisions, and even unfurl the large 
mirror for the soon-to-be-launched James Webb Space Telescope. In astrophysics, there 
are instances where the expansion and unpacking of origami demonstrates what 
scientists witness, such as with the death of stars. Using paper provided by the 
researcher and a set of instructions, each participant followed along with the researcher 
to fold a simple star shape.  During the folding session, the researcher discussed how 
stars unpack themselves in the supernova process. Appendix H lists the full activity 
sheet, and http://chandra.si.edu/origami has further details and background on the 
activity (Arcand, 2018a). 
  
 81 
Figure 3.7  
Sample Image of Folding a Simple Star in Origami 
 
 Paper Circuits (Light Up Exploded Stars) 
Paper circuits can help learners explore the basics of electricity (energy that results from 
the existence of charged particles like electrons or protons) and conductivity (the degree 
to which a material can conduct electricity). Paper circuits function as simple low-voltage 
electronic circuits (a path through which electrons from a voltage or current source flow) 
made using paper, LED lights, a type of conductive tape such as copper, as well as a 
small battery for the power source.  Following along with directions from the researcher 
and other facilitators, students used NASA data-driven images (see Figure 3.8 below) 
printed out on cardstock and then determined how to light up a star in the image using 
an LED, coin battery, copper tape and a binder clip, along with simple assembly tools of 
scissors and pencils. This hands-on, paper-based activity provided basic directions but 
encouraged inquiry and discovery to make it light up any way the participant saw fit.   
See Appendix I for the full activity sheet, and http://chandra.si.edu/make for further 
details. (Arcand, 2018b) 
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Figure 3.8  





 Virtual Reality 
Virtual reality applications were provided on portable Oculus headsets for participants 
to have a guided tour and open play time in immersive data-driven astronomical 
applications. The VR applications used for the activity included the Cas A supernova 
remnant, SN1987 supernova changing over time, and the Galactic Center’s perspective 
from the Milky Way’s central supermassive black hole.  The applications included audio 
and text descriptions within the experiences.  For supernova 1987a and the Galactic 
Center, verbal descriptions of what the students were seeing were provided in person 
by the researcher as the models were more complex.  Example VR activity simulations 
without headsets are available to view online at 
http://smithsonianeducation.org/interactives/cas-a/safari/index.html; see also 




Figure 3.9  





Based on a convenience sample of organizations the researcher knows and has 
previously worked with, permission was sought from each organization’s head or 
principal to conduct a workshop and invite participants from that organization for 
inclusion in the study. Once permission was granted by the organization’s head or 
principal, information sheets and consent forms were provided for the parents/legal 
caregivers, along with information sheets and consent forms for the students (see 
Appendix J , K, & L). These were distributed by the organization’s head or principal and 
sent home with students. Completed forms from the parents/legal caretakers and 
students were returned to the organization’s head or principal, prior to the workshop. 
The organization’s head or principal delivered the forms to the researcher. 
 Compensation was not expected by the venue leaders in the researcher’s network, 
nor did individual participants receive compensation; this was explained in all 
information sheets and consent forms. However, each organization was given free NASA 
handouts/literature for the students, regardless of participation levels, which was also 
explained. 
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 The workshops ranged from 2.5 to 6 hours long, as determined by the usual 
amount of meeting time for the group involved. The workshops were held where the 
groups typically met (e.g., Scout Group headquarters or school meeting spaces). 
Participating students were randomly assigned to group A or group B to counterbalance 
the order for the pre- and post-conditions. Identification (ID) numbers were used to 
ensure that the pre- and post-evaluations were matched correctly for the participants. 
Therefore, this study used a controlled within groups design. Only the researcher had 
knowledge of the list of participants’ names with their ID numbers, and destroyed that 
list once the data were collected.  No potential participants declined participation in the 
workshop or to be included in the study.  
 Group A completed the spatial skills instrument as a pre-evaluation, engaged in 
the workshop, and then completed the STEM interest inventory as a post-evaluation. 
Group B completed the STEM interest inventory as a pre-evaluation, engaged in the 
workshop, and then completed the spatial skills instrument as the post-evaluation. Both 
Groups A and B completed the demographics inventory as part of the pre-evaluations. 
 The workshop activities included the following scientific data-driven activities. All 
activities were created and produced by the researcher and her team for NASA’s 
Chandra X-ray Observatory over the past 5 years, particularly while working with groups 
of under-represented students to refine and further develop the materials.  The 
activities were developed as ways to describe and interactively show the kind of work 
the researcher and others on the team do for the X-ray mission or using the 
astronomical data.  The materials were primarily developed with funding from NASA 
under contract NAS8-03060, except where noted below.  As part of such mission-based 
work, all products are required to eventually pass NASA product review, a rigorous 
internal quality control system from NASA to ensure scientific and educational accuracy 
of materials. Those products successfully reviewed by NASA are noted in the procedure 
description.  
 The half day event was conducted with the researcher and one additional female 
facilitator who was trained by the researcher on all activities.  The schedule went as 
follows: 
1. Welcome & pre-evaluation (15 minutes). 
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2. Binary Code warm-up activity (10 minutes). 
3. Imaging/coding Discussion (20 minutes). 
4. 3D modeling & printing exploration (15 minutes). 
5. VR experience (60 minutes). 
6. Origami activity and paper circuits (overlapped with the VR experience, based on 
ratio of VR headsets to participants) (45 minutes). 
7. Post-evaluation for students with permission, open discussion time for students 
without permission; Debriefing and opportunity for questions; Workshop 
concluded (15-30 minutes). 
 Full-day events were conducted with the researcher and three to four 
additional trained female facilitators or teacher helpers.  All trained facilitators 
were current workers in STEM fields. One assistant facilitator served at all 
workshop events, with additional facilitators brought in for workshop 2 (Camp 
group). The Private School group had a surplus of volunteer teachers to help 
throughout the days, and who were trained by webinar prior to the event. 
Camp Group Workshop Schedule: 
1. Introduction/welcome/pre-evaluation for all students (20 minutes). 
2. Binary Cody warm-up activity (10 minutes). 
3. Imaging hands-on activity (60 minutes). 
4. 3D modeling & printing hands-on activity (60 minutes). 
5. Lunch (30 minutes). 
6. Origami activity and paper circuits (60 minutes). 
7. VR exercise (60 minutes). 
8. Post-evaluation for all students; Debriefing and opportunity for questions; 
Workshop concluded (30 minutes). 
Private School Workshop Schedule: 
1. Introduction/welcome/pre-evaluation for all students (30 minutes). 
2. Binary Cody warm-up activity (10 minutes). 
3. Origami (25 minutes). 
4. Outdoor recess (30 minutes). 
5. Imaging hands-on activity (45 minutes). 
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6. Paper circuits (60 minutes). 
7. Lunch (45 minutes). 
8. 3D modeling & printing hands-on activity (60 minutes). 
9. VR exercise (45 minutes). 
10. Post-evaluation for all students; Debriefing and opportunity for questions; 
Workshop concluded (30 minutes). 
 Procedure for Workshop Activities 
1. Introduction and warm-up. 
Once a brief welcome was concluded, the pre-evaluation was 
administered to all participants after randomly establishing group A and 
group B. All participants took the demographics survey and then 
completed either the spatial instrument (Group A) or the STEM inventory 
(Group B).  That was followed by an introduction for the workshop 
content which included a short talk from the researcher, adapted for the 
ages of the audience, on her scientific background and the telescope she 
works on, NASA’s Chandra X-ray Observatory. The warm-up activity 
involved outlining how controllers talk to spacecraft that orbit beyond 
Earth: the data that are eventually converted into astronomical images 
originates as binary information (a stream of 1’s and 0’s that encode the 
information) before taking a 40,000-mile/64,000 km journey (more or 
less, depending on the telescope’s position in its orbit at the time of the 
downlink) through space to one of NASA’s Deep Space Network (DSN) 
antennas in Australia, Spain, and California (USA), where it is 
downloaded, translated, and worked on.  This activity set the stage for 
the authentic data experiences used throughout the rest of the 
workshops. After the introduction to binary code students created binary 
code name tags by translating their names into a set of 1’s and 0’s, a 
NASA product-reviewed activity that the researcher developed (more 
information at http://chandra.si.edu/binary/; see also Appendix E). 
2. Imaging discussion or activity. 
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After reviewing binary code and completing the activity, the next 
segment focused on discussing how two-dimensional astronomical 
images are created using NASA data (e.g., see Chapter 1). In the shorter 
workshops, this section covered the basics on how to create an image 
and what that information tells the scientist, followed by a question and 
answer session for the participants with the researcher.  In the longer 
workshops, students completed a 40-45 minute computer-based hands-
on activity using Pencil Code and videos created with the researcher and 
Google CS Education. The NASA product-reviewed activity takes the 
viewer through the mechanics of red-green-blue images and through to 
compositing and colorizing real NASA data to create their own image of a 
supernova remnant or area around a black hole for an authentic 
learning experience.  Pre-recorded videos of the activity assisted the 
researcher in presenting the information while going around to each 
participant to ensure they were able to complete each module (more 
information at http://chandra.si.edu/code/; see also Appendix F). 
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3. 3D modeling & 3D print activity or exploration 
As a follow-on to the 2D imaging discussion or activity, the 3D modeling 
and 3D print segment built on top of the previous information to bring 
participants into understanding the basic geometry of creating simple 
astronomical models. In the longer form workshops, users complete a 
hands-on activity on how to do basic 3D modeling using free browser-
based software (Tinkercad), stepping through 3-4 sample models before 
loading a 3D NASA data set. The content discusses some of the spatial 
information of the datasets used in the previous activity.  Next users 
discuss how to move the 3D models to 3D printers and review some of 
the challenges of 3D printing before handling sample 3D print objects. 
This is a NASA product-reviewed activity that the researcher developed. 
In the shorter workshop, the focus is on a brief discussion of the 
modeling and printing processes before the participants handle the 
example 3D prints for a question and answer session. Pre-recorded 
videos of the activity assisted the researcher in presenting the 
information while going around to each participant to ensure they were 
able to complete each module (more information at 
http://chandra.si.edu/tinkercad/ and http://chandra.si.edu/3dprint; see 
also Appendix G). The 3D modeling module’s creation was supplemented 
with funding from NASA's Universe of Learning, based upon work 
supported by NASA under award number NNX16AC65A to the Space 
Telescope Science Institute, working in partnership with Caltech/IPAC, 
Center for Astrophysics | Harvard & Smithsonian, Jet Propulsion 
Laboratory, and Sonoma State University. 
4. VR experience. 
Building on the 3D modeling exercise, the VR segment began with a 
short presentation by the researcher on creating NASA data-driven VR 
applications and what the use of such applications can mean for 
researchers such as herself before moving into a series of spatially-
aware demonstrations and discussions of multiple astronomical VR data 
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sets including two 3D supernova remnants (Cassiopeia A and Supernova 
1987a) and a 3D journey of the Milky Way’s galactic center around the 
supermassive black hole Sagittarius A* (more information at 
http://chandra.si.edu/vr). 
5. Origami activity and/or paper circuits. 
The VR experience listed above was typically run as the final activity but 
this was dependent on the ratio of headsets to students.  With more 
students and fewer headsets, the VR and the activity(ies) would be set up 
as stations for participants to cycle between. The other station activities 
included a simple origami activity (http://chandra.si.edu/origami; see also 
appendix H) and/or a paper circuits activity (http://chandra.si.edu/make/; 
see also appendix I), depending on the number of students and 
facilitators as well as the total amount of time remaining in the 
workshop.  Both the origami and paper circuits activities are NASA 
product-reviewed activities that the researcher developed to help 
communicate some of the science concepts of the data (e.g., expansion 
and unpacking, or neutron stars). The paper-based modules’ creation 
was supplemented with funding from NASA's Universe of Learning, 
based upon work supported by NASA under award number 
NNX16AC65A to the Space Telescope Science Institute, working in 
partnership with Caltech/IPAC, Center for Astrophysics | Harvard & 
Smithsonian, Jet Propulsion Laboratory, and Sonoma State University. 
6. Post-assessment and wrap-up 
The post-evaluation assessment was run after the participants finished 
the activities, at the end of the event.  The post-evaluation was presented 
along with a final open question and answer and discussion period for 
content-based questions, career-related questions, etc. that the students 
might have.  Additionally, participants were provided with free NASA 
handouts in this segment which showcased women in STEM (see 
Appendix M).  This included postcards and information sheets of STEM 
explorers like Mae Jemison (the first African-American woman to fly in 
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space), Liu Yang (the first Chinese woman in space), Wanda Diaz (a Latina 
computer scientist who is also blind) and Katherine Johnson (a famous 
African-American mathematician). Additionally, handouts on the 
activities completed during their workshop (see Appendices E, F, G, H 
and I) were also given out so participants could reflect on their activities, 
refer to the content, or share the materials with their families.  
 Informal Observations 
Additionally, beyond the formal instruments used as discussed above, informal 
observations were recorded by the researcher. Though not formal analyses, these 
observations of participant behaviors and comments were written down throughout the 
day in between modules, as well as in a summary at the conclusion of each workshop.  A 
running list of the observations was recorded on the researcher’s iPad. These 
observations, initially not planned for, varied by participant and location. However, as 
they were part of the session, it became evident that they added a layer of insight that 
was valuable for later reflection and application of findings.   
  Ethics 
The University of Otago Human Ethics Committee approved this research as a Category 
A application (see Appendix A for the approval letter). Organisation heads or principals, 
parents/legal caretakers, and students were informed of the purpose for which the 
researcher was collecting the information and the uses proposed to make of it. They 
were informed who would receive the information and they were also informed of their 
rights of access to and correction of personal information. They were informed that the 
researcher intended to publish the results in her thesis and that it was anticipated that 
the results would be presented at a conference, and perhaps in professional 
publications or peer-reviewed journals. Participants understood they could request a 
summary of the research and links to any publications once that occurred. Participants 
were informed they could withdraw from participation in the project without any 
disadvantage to themselves. Language used in the information sheet and consent form 
for the student participants was adjusted for ease of comprehension. 
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 Participation was anonymous and the data were aggregated, with no personally 
identifiable information stored. No ethical issues were expected, but it was 
acknowledged that a participant, being underage, might not fully comprehend the study 
itself; even with having consent from a parent/guardian. Therefore, opportunities for 
discussion and questions were provided both before and after each workshop as an 
additional safety mechanism. Participants were reminded that they could withdraw from 
the project at any time prior to the conclusion of the activities, without any disadvantage 
of any kind. No ethical issues arose with any participant in any of the organisations. 
  Analysis 
After the workshops were completed, the data collected were digitized and entered into 
SPSS version 26 for analysis (IBM Corp., 2019).  Frequencies and descriptive statistics 
were completed for the full sample and by affiliation.  Next, means and standard 
deviations for the inventories were completed, by both full sample and pre post 
conditions.  Then, a principle component analysis was run on the items of the STEM 
inventory.  Reliability statistics using Cronbach’s Alpha were calculated using each sub 
scale for the STEM inventory, and the spatial skills inventory.  Correlations were also 
computed of video hours with affiliations, self-rating, spatial total, and inventory total for 
the full sample and by affiliation.  Finally, multivariate analysis of variance was used to 
examine the research questions.   
  Validity, Reliability, and Trustworthiness  
There are always threats to the conduct and interpretation of research. The researcher 
must be aware of such concerns in both quantitative and qualitative research (Creswell 
& Clark, 2007; Onweugbuzie & Johnson, 2006). In quantitative research, it is critical to 
address issues related to validity and reliability. In qualitative research, as Sanjari and 
colleagues noted, “. . . the researcher has to both evaluate what he or she observes and 
to interpret it” (Sanjari et al., 2014, p. 1). In this regard, trustworthiness becomes an 
important issue. Each of these will be discussed next. 
3.2.11.1 Validity. 
Validity concerns the quality of “a research study, its parts, the conclusions drawn, and 
the applications based on it . . .” (Onwuegbuzie & Johnson, 2006, p. 48).  Validity, 
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therefore, is about the soundness of the research design and methodology. It can relate 
to internal or external issues. Internal validity concerns issues related to the design of 
the study itself, for example, the data collection, use of controls, or not taking all 
variables into consideration (Onwuegbuzie, 2003).  External validity concerns whether 
the outcomes can be generalized to additional groups, or applied to broader contexts 
(Onwuegbuzie, 2003).   
3.2.11.2 Internal Validity. 
To ensure internal validity, the materials used in the quantitative study were 
chosen after an extensive search of the literature to examine potential 
instruments that might have been used. The spatial skills evaluation and STEM 
interest inventory were selected as the most appropriate instruments, based on 
their psychometric properties, wide usage, and potential for addressing the 
research question. To confirm their suitability with the participants and maximize 
their potential in the research these were also pilot tested small group of girls (n 
= 8) (Arcand, unpublished).  This resulted in cutting the number of items on the 
spatial reasoning instrument in half, as the participants became fatigued on the 
full set of 10 problems. Additionally, the researcher verified with the girls whether 
they had questions on any of the materials.  
3.2.11.3 External Validity. 
External validity concerns the extent to which the findings can be generalized. As with 
any research, caution needs to be exercised in terms of applying results to the 
population. Additional caution is needed given that this research was conducted with a 
convenience sample. Thus, the results should not be generalized to other age groups, 
should be used with caution with those who do not identify as female, and might not 
apply to those in other geographic areas or to people outside the organisations that 
were worked with.  
 The researcher used established materials with high psychometric properties, 
known in the field as being legitimate measures for the topic of this research. 
Comprehension was assured through pilot testing and reminding participants that they 
could ask questions along the way. These steps enhanced potential generalizability for 
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like samples in the population, in that the instruments were appropriate and were 
understood by the girls in the age groups of interest.   
 As mentioned earlier in this section, mixed methods research combines the 
complementary strengths and non-overlapping weaknesses of quantitative and 
qualitative research (Onwuegbuzie & Johnson, 2006). There can, however, be issues of 
integration in mixed methods, whether the methods are parallel or sequential.  Validity, 
then, is particularly important in mixed methods research where the goal of mixed 
methods is to achieve “heightened” validity and knowledge (Schoonenboom & Johnson, 
2017, p. 4).  For such validity, and to help ensure transparency, the researcher must 
institute “legitimate checks” for each step in the research design; this can be referred to 
as “legitimation” (Jameson-Charles, 2015, p. 22). These checks include ensuring that: a 
variety of strategies were used to collect the data, emerging themes obtained from the 
qualitative data were quantified to correctly inform the quantitative study of the 
research, the researcher treated the quantitative and qualitative data objectively such 
that any personal biases were excluded in the analyses, and data collection and findings 
were reviewed to confirm that the research questions were adequately addressed. All 
such legitimation was conducted in this research and reported on in this thesis to 
achieve a high level of validity. 
3.2.11.4 Reliability. 
Reliability concerns being able to minimize errors while increasing outcome 
consistency, as well as the overall soundness of the methods and application 
(Noble & Smith, 2015). It can be defined more specifically as “the consistency, 
dependability and replicability” of the research results (Zohrabi, 2013, p. 259).   
 The psychometric properties of the two instruments used also contributed to the 
reliability for this study. The STEM interest inventory, as noted, is the “Instruments for 
Assessing Interest in STEM Content and Careers” (Tyler-Wood et al., 2010) and is partly 
derived from earlier work by Novodovorsky (1993). The instrument has good reliability, 
with Cronbach’s Alpha = .78-.94 across the subscales. The spatial reasoning instrument 
is one of the scientifically validated psychological assessments available online (Verma & 
Bakshi, 2017) reaching over 900,000 participants in June 2019 alone (123test, 2019).  
 94 
In the quantitative study, the researcher used standardized procedures, 
instruments, and materials, and randomly assigned girls to conditions. Because this was 
done across several groups, there is evidence of reliability in terms of collecting the data 
and obtaining results that pertain to the research question.  
3.2.11.5 Trustworthiness. 
Trustworthiness is a term that is often used in qualitative research, whereas 
generalizability or validity are used in quantitative research (Leung, 2015). It concerns 
the way in which researchers can reassure their audience – as well as themselves - that 
their “research findings are worthy of attention” (Nowell et al., 2017, p. 3). Specific to 
qualitative research, trustworthiness is a surrogate for validity (Onweugbuzie & Johnson, 
2006; Giddings & Grant, 2009). 
The researcher addressed trustworthiness in the qualitative study by sending the 
recorded transcribed interviews back to each participant and requesting feedback and 
corrections. This also helped to ensure that any possible interpretation was based on 
what participants actually said versus what the interviewer (and transcription process) 
thought was said. The researcher was additionally cautious, as the qualitative study did 
not include a random selection of participants, and even though she did not personally 
oversee or otherwise have influential relationships with any of the participants, without 
the check for accuracy with the interviewees, her biases might have been present in the 
interpretation. Therefore, the credibility of the data was enhanced through this safe-
guard.   
 In the qualitative study, the researcher used the same questions for all 
participants, so that if others were to replicate the study, the questions could be used as 
a basis for repeating the procedure. Additionally, the researcher ensured reliability by 
keeping meticulous notes and records of the methodologies, investigating personal 
biases, and noting sampling biases (Noble & Smith, 2015).  
 The researcher also paid particular attention to keeping the minors’ identities 
confidential and data in aggregated form only, closely considered and monitored her 
relationship with all participants, ensuring that she did not exert power or influence over 
them, paid attention to any potential areas of stress during the study, and meticulously 
detailed all data collection.  
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  Summary 
This chapter presented the methodology used for this thesis across two studies, 
one qualitative, and one quantitative. It addressed the issues related to mixed 
methodologies, as well as the pragmatism, reliability, validity, and 
trustworthiness.  Additionally, the materials, procedures and ethics were 
described.  The next chapter will present the results from the data.  
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4 Chapter 4. Results 
 
This chapter begins with an overview of the research questions used to investigate the 
quantifiable effects of data-based 3D models on improving spatial reasoning skills and 
interest in STEM fields in under-represented groups of young female learners. It then 
presents the qualitative and quantitative results for the two studies, where the smaller 
qualitative study, Study 1, involved interviews with women in STEM fields, and the larger 
quantitative study, Study 2, involved workshops conducted with upper elementary and 
early middle school girls. Study 2 formed the major part of this research.  
Overview of Research Questions 
As described previously, this research concerns girls and young women, especially 
females belonging to groups that are considered underrepresented by gender, 
socioeconomic status, special needs/disability, ethnicity/race, income, language, literacy 
skills, and/or geographic location. It was, therefore, important to gain perspective on 
potential historical or sociological reasons for young women being less engaged with 
STEM subjects on average than young men (Wang & Degol, 2017). Women in STEM have 
been the focus of numerous studies previously (see e.g., Cvencek,  et al., 2011; Ganley & 
Lubienski, 2016; Heaverlo et al., 2013; Corbett & Hill, 2015; Leslie et al., 2015; Pajares, 
2005; Perez-Felkner et al., 2017; Sarsons & Xu, 2015; Stoet & Geary, 2018), but personal 
recollections have not been examined to investigate how early experiences could have 
informed career decisions or current practice. Therefore, Study 1 (qualitative) was 
designed to explore those potentially important historical perspectives. The results of 
this study were then used to help inform the design of Study 2 (quantitative), which 
involved working directly with such populations of girls and young women (see Chapter 
3, 3.2.1 and 3.2.2 for detailed rationale for Study 1 and Study 2). 
 The research questions were: 
 Study 1:  
Specific to STEM fields, what are some of the obstacles and challenges that female-
identifying underrepresented groups can face? 
 97 
 Study 2:  
What are the quantifiable effects of data-based 3D models and prints on spatial 
reasoning skills and interest in STEM fields, particularly with young female 
learners? 
Study 1 Results 
This section reports on in-depth interviews with 11 diverse female scientists in STEM 
fields to identify the types of obstacles and challenges that underrepresented groups of 
young females might face in STEM learning and STEM careers. Table 4.1 presents the 
demographic characteristics of the participants.  Although all of the participants gave 
permission to use their information and names when reported on in this research in this 
thesis they are referred to by their occupations. Chapter 3 provides the information on 
permissions and ethics obtained for Study 1.  
Table 4.1.  
Description of Interview Participants 
ID Occupation Education Ethnicity Sexual 
Orientation 
English 1st   
Language 
Disability    Career Mother 
1 Astronaut   PhD Caucasian        Cishet Y N Late, 
Prominen
t      
Y 
2 Engineer    BS Caucasian        Cishet Y N Mid/Late Y 
3 Software 
Developer 
MS Caucasian        LGBTQIA+ Y N Late, 
Prominen








LGBTQIA+ N N Early Unknown 
5 Mathematician PhD Asian 
American 
Cishet Y N Mid, 
Prominen
t      
Y 
6 Radio Astronomer PhD 
Candidate 
Caucasian        Cishet Y N Mid, 
Prominen
t      
Unknown 
7 Science Writer MA Caucasian        LGBTQIA+ Y N Mid, 
Prominen
t      
Y 
8 Astronomer MS Black/Mixed   Cishet Y N Mid Y 
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9 Cosmologist PhD Caucasian        LGBTQIA+ Y N Mid, 
Prominen
t      
Unknown 
10 Geologist MS Caucasian LGBTQIA+ Y N Mid, 
Prominen










NOTE: * LGBTQIA+ is an abbreviation for lesbian, gay, bisexual, transgender, intersex, 
queer/questioning, asexual as well as other non-binary identifiers; Cishet is the combination of 
cisgender (identifying with gender as assigned at birth) and heterosexual (attracted to people of 
the opposite sex).  
**Post-Bacc is a post-baccalaureate program offered in the U.S. to prepare for additional 
programs such as medical school.   
 It can be seen in Table 4.1 that in addition to being female and in a STEM field, all 
but three of the participants fitted with a minority group of either ethnicity, physical 
ability, or sexual orientation. 
Of the eleven women interviewed, each attended their undergraduate programs 
as young women, with two having obtained a maximum of a Bachelor of Science degree 
(one of whom is currently enrolled in a post-bac program towards the intent of enrolling 
in medical school), four holding masters degrees, and five working towards their PhDs. 
One of the five reported being a PhD candidate/ABD (all but dissertation) and four held 
PhDs.  Each participant proceeded into a career path after their current level of 
schooling was complete.  At least eight of the participants are considered prominent in 
their fields either through direct research outputs or by reputation in their fields.  
 The semi-structured interview data were analyzed following Straus and Corbin’s 
(1998) grounded theory approach, with an iterative method using comparisons to 
responses until all phrases within the interviews were complete.  Data were reviewed 
through five iterations, with repeated readings of the data lensed through sifting, 
sorting, coding, abstracting, and checking (Ryan & Bernard, 2003). As this was a new 
area to be explored for the purpose of informing the literature as well as guiding the 
scope of the research for Study 2, the author relied on inductive themes arising from the 
data itself, as compared to deductive themes coming from other research (O'Reilly, 
2009).  Five themes emerged from the data and were defined to facilitate accuracy in 
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identification: influencers, educational experiences, hurdles, attitude changes, and 
recommendations.   
 Table 4.2 shows the total numbers of responses by theme, as determined through 
the iterative process described in Chapter 3.  All participants commented at least once 
within each of the five themes.  The first theme, with the most responses, addressed the 
participants’ influencers that had positive or negative impacts, from role models and 
mentors to detractors (101 responses). The second theme that emerged was 
educational experience, which concerned the educational background or range of 
educational experiences of the participants. Hurdles was the third theme that emerged 
from the data, pertaining to issues that needed to be overcome in the participants 
pursuing their careers.   The fourth theme reflected attitudes over the years towards 
women in STEM.  The fifth theme related to participants’ recommendations for engaging 
and retaining females in STEM fields.   
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Table 4.2  
Number of Responses for Each of the Five Themes from the Qualitative Data 
Theme Total Collated Responses* 
Influencers/Role Models    101 
Educational experiences  65 
Hurdles 56 
Attitude changes 44 
Recommendations 41 
*Note, all participants responded at least once to each theme. 
 
 In the next sections, each of these themes will be discussed along with 
representative quotes. Each quote is identified by the participant’s occupation (e.g., 
“Astronaut”). 
 Influencers/Role Models (Positive and Negative) (101 Responses) 
In their interviews, all of the participants discussed influencers, which could take the 
form of mentors, role models, or detractors. Although the mentors were, as might be 
expected, from more senior positions than the participants, some peer-to-peer or 
community support and influence was also discussed.  
 Of the mentorships discussed, five participants related information about male 
mentors and five of female mentors, while two did not mention the genders of their 
mentors. Two participants noted that the availability of female mentors was low or non-
existent.  Seven participants referred to specific role models, all of whom were female:  
When I thought about what astronauts looked like, I had in my mind a picture of 
the Mercury 7 astronauts standing in front of an airplane and they were all a 
bunch of old guys with no hair. And it certainly didn’t say to me, this could be you. 
It wasn’t until I went to college and Sally Ride came to talk, it just opened up that 
possibility of if she could do it then I could aspire to do it, too. (Astronaut) 
And . . ., you tend to look for role models. You tend to look for people who 
somehow are similar to you. That you, so you can put yourself in their shoes and 
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imagine what you might be like or how you might succeed in the future. 
(Mathematician) 
And I remember my biology teacher in particular would never, she would never 
skip a beat. She would go straight to her bookcase and pull out her human 
sexuality textbook to answer the ninth graders’ questions. And it was, they were 
just so awesome . . . . So I had this really strong group of science happy women in 
my background. (Geologist) 
So when I was at - the mentor mentioned at [HBCU] who kind of took me 
underneath his wings. Unfortunately . . . going into my sophomore year of 2006 he 
passed away suddenly and he was such a huge impact. I still talk about him to this 
day even though it's been many years now because he was such an impact on me. 
(Astronomer) 
When I was growing up, there weren’t a lot of girls being astronauts [to look up to]. 
(Astronaut) 
The fact that this woman [the first American woman to walk in space] who was on 
this huge pedestal for me was willing to take almost an hour out of her day was 
really meaningful to me . . .I kept saying, ‘I think we should get back to the 
symposium,’ and she would say, ‘No, this is part of my job and this is really 
important because we need more astronauts who are qualified.’ (Astronaut) 
In my own judgment I'm not performing at the top of my capacity. But other, other 
blind folks, they tell me - we want to do science at the level you do the science. And 
then I think, oh this is not good, this is not good at all! (Computer Scientist) 
And you know, my mom [a PhD oncology nurse] was a role model as, you know, 
somebody who is scientifically minded and, and you know, mathematically capable 
and and my sister also is very good at math and she, she’s older than [I am]. So 
that was, you know I had those role models in my family for, for just kind of 
quantitative expertise and ability. (Cosmologist) 
Peer-to-peer mentorships were also mentioned, as part of community building (8):   
I think, the group of friends that I had at the time, a lot of us were like-minded. We 
were all interested in, you know, biology or some sort of an engineering field . . . I 
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think that helped keep me on-path as well because I had good friends that, we 
could all study together and work together and encouraged each other throughout 
the process. (Engineer) 
One of my ways of responding to the women in STEM issues was I formed a group 
called the Women in Science Forum . . . it was a group of graduate students, all the 
women graduate students. I guess there were, what maybe 10 maybe . . . but what, 
it was a quarter of the program. We would get together and ultimately our goals 
were to A) try to figure out how to get more role models for ourselves. Because, 
like I was describing before, the fraction of female faculty in the department was 
very small. (Mathematician) 
But an incredible thing that [female researcher] did, is she intentionally hired 
women. Like that was part of her agenda was to have a club-like lab that was very 
female positive and certainly like men that worked in the lab also. But it was just a 
very positive, affirming vibe to it to know that this was my PI’s like life goal. 
(Technologist/Pre-medical Student) 
And I think [like-minded group of women] has been kind of fun just because it's 
created another community. And cool ways to express themselves and some of 
the designers that we work with are also in STEM fields and they're creating things 
inspired by women in STEM or they're using STEM to do them like 3D printed 
jewelry, and things like that. (Radio Astronomer) 
We are a team [of women], and that when things are hard, we’re going to turn to 
each other and we’re going to solve our problems together. (Astronaut) 
 About half of the participants (6) mentioned detractors or negativity in general, 
with two participants reflecting on specific persons or instances and the remaining four 
participants reflecting more broadly:  
Have you heard of the phrase ‘racism without racists?’ It’s not like there were 
people who were being violent or verbally abusive or offensive or anything, more 
just like a general sense that there were opportunities and ways of being that 
other people had access to that I maybe had to work a little harder for. 
(Technologist/Pre-Medical Student) 
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. . . the disabled woman is by herself. I find that is true. I find myself very self-
reliant, and I like life. But that has, that has a huge effect . . . on your performance 
in daily life. Because if I would be, if I would be an abled woman, I would have a 
way right to do my work…and to be [seen as capable].  (Computer Scientist) 
And you know my math adviser in college was always making remarks about how I 
was, you know if he would see me walk into his office for a meeting and I was 
smiling, he would say things like, ‘Oh I know, you're in love you're going to get 
married!’ (Mathematician) 
I feel like around the observatory, the people that work I work mostly . . . tend [to 
view me] at a lower status level [with a master’s degree] than the PhDs. There's not 
much question about that, except among the younger people and mostly they've 
used my software *Laughter*.  (Software Developer) 
. . . it was a big to-do about whether I was under too much stress because I had 
kids and I was trying to do grad school. It became a subject of a faculty 
meeting . . . . I made a summary of things I had accomplished up til that point per 
semester, all the papers I had written, all the observing programs I had 
approved . . . empirical evidence . . . I think I was a little more productive than the 
average graduate student, but just evidence to show what she was saying was not 
the case. And you know [that] women with children can make it to through 
graduate school. *Laughter* (Mathematician) 
 This section demonstrated the critical importance of community to underserved 
audiences, whether mentor-mentee relationships or peer-to-peer networks.  Positive 
instances of community, and particularly mentors or role models, were prioritized by a 
majority of interviewees as having a strong effect on their determination, success, 
and/or contentment with career or work circumstances.  Negative influences in the 
community, or detractors, were either accumulated into larger conglomerations of 
negativity experienced over time, or conversely, were singled out in specific detailed 
stories that seemed to have a lasting impact on the interviewee.  Additionally, such 
negative influences did not always come from outside the underrepresented 
community, but were occasionally insiders who would have presumably also 
experienced the biases and stereotypes of the participants during their own careers.   
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This outcome was taken into serious consideration for Study 2 and is, as such, discussed 
as related to interventions in Chapter 5. 
 Educational Experiences (65 Responses) 
All participants mentioned having been interested in science since they were very young.  
They expressed how their interests in STEM stretched back to early childhood days (e.g., 
“I always loved animals and trying to figure out how things worked” (Engineer); “[I was] 
always looking at the sky” (Radio Astronomer); “[I enjoyed] watching Nova” 
(Mathematician); “I did a lot of reading on my own about science and physics” 
(Cosmologist); “I played with Lego's and I took apart my Transformers” (Geologist); and “I 
had always had this interest in geology and it went on and on” (Software Developer)).  
 The participants mentioned a range of educational experiences, both formal and 
informal, as well as diverse educational backgrounds. Formal education backgrounds 
included private schools and universities, public schools (including two public schools 
that specialized in STEM) and universities, and specifically Historically Black Colleges and 
Universities (HBCU). They took advantage of informal learning such as museums, books, 
television series, special programs and science fairs, all of which was part of their 
pathway into STEM.  
 Encouragement seemed an important aspect within this theme, and connects with 
the theme concerning role models.  Most participants recalled encouragement from 
someone in their very young years, mostly teachers (4) or parents (3). For example, 
three participants mentioned looking up at the night sky with their families. Three other 
participants mentioned wanting to be something specific when they were little (an 
astronaut, doctor, or teacher), and three mentioned having parents that encouraged 
science and math activities at home or after school from an early age:  
I do feel again lucky to have had parents who, from day one just never questioned 
my ability to do anything. I mean, they were certainly very explicitly encouraging of 
my ability to be good in math and science. But it was, but they were just very 
supportive and encouraging in general. (Technologist/Pre-Medical Student).  
 Three participants also mentioned having family members who were scientists or 
PhD researchers or engineers that helped give them an insider’s perspective and 
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additional educational opportunities or insights. One participant recalled that she felt as 
if she belonged in STEM even though she did not mention specific educational 
experiences or encouragement from someone in particular at a young age (“No one 
seemed to ever question me being there when I was growing up”, and [science and math] 
“that was my spot” (Science Writer).  Many of these responses reflected on the role of 
positive influences in education. Responses included: 
When I was a kid I was the odd one outright. I was the person with no friends and 
especially because I was a girl and I loved, I loved playing Dungeons and Dragons. I 
loved video games. And that was really . . . hard . . . . So from an early age, I had a 
predisposition to STEM activities. I mean there was an emphasis on it at home. Of 
course: math is important, science is important. (Mathematician) 
. . . these teachers, as is true of a lot of private school science teachers, they just 
love science. They love teaching science. They love indulging kids’ curiosity about 
science and they were just, they really encouraged me and other kids to hang out 
after school and ask questions. (Geologist) 
I had a really great teacher in high school for biology, which helped to cement my 
college major choice as biology. (Engineer) 
 Eight participants discussed the demographics or changing representation of their 
classes in either high school or college, with the majority of responses focused on the 
lack of equal representation in the student body, as well as a lack of equal 
representation in their educators, and how that had affected the culture of their classes, 
with some mentions that also stood out for positive or negative feelings: 
I noticed the [high school] classmates around me started to dwindle down and I'll 
never forget . . . I looked around the room and I was the only black woman. 
(Astronomer) 
When I went to college I noticed that there were very few women in my physics, 
math, and astrophysics classes. And that was, you know definitely eye opening to 
me at that point. It was a very small major at that point; you know there weren’t 
that many students in these classes but I think there was only one other woman 
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who was in most of the classes with me . . . say there were ten students in the 
class, there was the two of us. (Science Writer) 
The library is where I used to do my problem sets. And the math library, not the 
general library because I used to want, you know look up stuff in books that were 
only in the math library and I would be there pretty late and it wasn't, it didn't take 
me so long to realize that the women's bathroom closed at 5 o'clock because the 
only women in the building were the secretaries and they locked up the bathroom 
before they left . . . . And the first time I realized this, I had to walk in the snow to 
go to the bathroom and then come back to the library. (Mathematician) 
. . . When I went to [Ivy league University] it was all guys doing research except [a 
female researcher] was there, not doing what I did. She worked on asteroids, then 
somebody else was, also the same age . . . . So she was around but I don't 
remember any other women doing science really except her. There probably were 
one or two in astronomy at [Ivy League University] but not very many. And then we 
came back to [Elite Technical University], the first year or two, not so many women, 
but [when] we started, we had women, a few women that came through . . . 
(Software Developer) 
Yeah at [Ivy League school] it was very clear that mechanical was more guys than 
girls. It was better than electrical and chemical and then worse like civil and 
industrial like those other ones were better . . . and . . . just the one female teacher 
that I had. (Radio Astronomer)  
And what was amazing about [my female scientist’s] lab is that those, she's one of 
a handful of like female faculty at [Ivy League school] that have labs. Like honestly, 
I think [Ivy League University] could really work on its representation in terms of 
having female science faculty . . . . I only maybe had one female biology professor 
my entire time at [Ivy League University]. (Technologist/Pre-Medical Student) 
 Only one of the 11 participants, the geologist, had a markedly positive experience 
in this area of representation across her educational program: 
And you know just there were a lot of other cool women [in my grad school 
program], so it was a good mix of students pretty much 50/50 and so it was, I don't 
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know if I've been, if I have particularly good judgment which is, or if I had good luck 
I'm sure it's a mixture of a little bit of both. But I, I always have managed to land in 
environments that are not toxic. (Geologist) 
 These quotes highlighted the importance of educational experiences, both formal 
and informal, and how they affected career development for the participants. They also 
reinforced the importance of encouragement for young women towards education in 
STEM from trusted sources in their lives that have a say on education, such as parents, 
teachers, or caregivers, with the positive influence they can exert, and particularly 
starting from an early age.  The potential impact of such results on interventions will be 
discussed in the next chapter. 
 Hurdles (56 Responses) 
In their interviews, all participants discussed hurdles that they faced in their careers. 
These largely focused on personal issues of motherhood (3), policy issues (4), or biases 
against gender, disability, sexuality, race, or educational level (10).  
 All of the women provided examples of discrimination in some form in either 
education (5) or career-related situations (4).  Most examples seemingly fell between 
microaggressions (3) and unconscious biases (5). Four of the participants mentioned 
they did not recognize biases until later: 
My advisor challenged me a lot to reflect on my own experiences, and to come to 
terms with it frankly because . . . when I was in elementary school [and] high 
school I think I was just oblivious to the way I was being treated. (Mathematician) 
One of the participants mentioned that they did not yet, at the time, have the vocabulary 
to process their experiences in reference to broader experiences they would later 
understand: 
I'm sure there were microaggressions that I experienced all the time as a kid and I 
definitely have some memories of these. But what really made it difficult for me to 
understand is that it wasn't really until college that I had the, like the liberal arts 
vocabulary to talk about maybe what was happening. (Technologist/Pre-medical 
Student). 
Participants’ reflections indicated the range of hurdles experienced:  
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For a lot of women, myself included, after getting married and starting a job, it’s 
hard to go back and get a graduate degree. I think that's probably the main hurdle, 
and then if you start a family, that could be an additional hurdle, just your time 
that you are available to invest. (Engineer) 
And so a lot of the problem is, is people you know having their own biases and 
their own sort of attitudes that, that make it, make it unpleasant for people who 
don't fit a certain mold. (Cosmologist) 
. . . like what about payscale? It's one thing to have like 50 percent of their staff 
being women but if they all make like 75 percent of the pay that a man at that 
same level would make, that's certainly not equity. (Technologist/Pre-Medical 
Student) 
I’m Hispanic, Afro, Afro Puerto Rican proudly . . . . I have a physical disability and 
I'm a woman . . . and I think . . . if I would be a sighted woman in a room, how will it 
be? I would have lots more chances because when people talk to me they don't 
see the scientist. Once I lost my sight . . . the biggest shock was to notice that I 
didn't have access to the same amount and quality of information that I had when 
I was sighted.  I couldn't understand the professors . . . they were just pointing at 
things on the blackboard. (Computer Scientist) 
And the problem was that as people retire they were replaced with PhDs. And all 
the PhDs that had been hired have been guys. Because relatively few women have 
been involved with just, this pipeline kind of stuff. (Software Developer) 
I think sometimes when people hear that you're coming from an HBCU they kind 
of immediately assume that you have gaps in your education or maybe you're not 
as smart, like it's not anything in what they're saying but it’s kind of an attitude - 
like you're here but you're only here because you're part of this special program 
because you needed it and that's it - it's all these little microaggressions that begin 
to add up. (Astronomer) 
 Additionally, there were four specific incidences concerning a participant 
experiencing a burden of difference, in having to either explain or over-compensate for 
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some difference in ethnicity, sexuality, ability, or educational level. The following quotes 
exemplify this additional pressure mentioned: 
I think the burden comes from having to compensate. Yeah that sometimes you 
get . . . cognitively tired. Right. Right. For having to compensate so much. You know 
most of the time I do not . . . most of the time, I think - why do I have to interrupt 
this person to explain? Sometimes I just stay at the back of the room. (Computer 
Scientist) 
It's just, it's this constant feeling of you’re constantly having to prove yourself, that 
you deserve to sit at the table. (Astronomer) 
 This theme of hurdles therefore, helps demonstrate the types of issues 
underrepresented groups in STEM face, and particularly, as related to intersectionality, 
how those issues can be compounded when women identify with multiple groups.  
Encouragement and interventions to help address such biases and burdens will be 
discussed in the next chapter. 
 Attitude Changes (44 Responses) 
All participants discussed attitude changes, and nine specifically agreed that attitudes 
towards women in STEM had improved in most fields. Five participants spoke on how 
not enough change has occurred to support women (as well as people who are non-
binary, which is not a focus of this thesis) in STEM:   
The issues that I thought would be taken care of to some degree by now: the 
underrepresentation of women, you know the percentages that are extremely 
low…they haven't moved the needle very much. I'm in my mid 40s now and I 
remember hearing about these issues when I was a very young person . . . and 
that's depressing. I think what has changed, especially in the past couple years, is 
that there is more awareness, certainly of issues like sexual harassment. (Science 
Writer) 
Growing up in the 80s and 90s, there was a general understanding that getting 
more women into sciences is a good thing. There needed to be opportunities 
made and sexism was real . . . . Then somewhere in the early 2000s, I started to 
perceive that people thought women were getting an unfair advantage. So, there 
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was starting to be this kind of backlash where people would say, ‘Oh you know 
you'll definitely get a job. Everybody's trying to hire women.’ (Cosmologist) 
Well that you know it shows, the experience shows the duality. You know you ask 
the question - have we seen progress over the time at least in my professional 
lifetime. We have, but there is still the underlying culture that I don't think will 
change until that generation moves on. (Mathematician) 
And I think that my favorite, favorite aspect of this trend is like really just we're 
getting young girls and boys involved in this idea of equality and equity and like 
women's rights because it's, I think for me . . . because I keep coming back to 
what's polarizing about it. I see like this if the movement could just figure out how 
this how to express itself in a way that isn't polarizing. (Technologist/Pre-medical 
Student) 
And the sexual harassment piece very much ties into the underrepresentation side 
of it. There’s sort of, you know I think there’s a better understanding of how two - 
those are two sides of the same coin. So, you know, and I think that in the past six 
months, that our society has become much more aware of sexual harassment 
outside of science too. (Science Writer) 
The first time I remember noticing that my gender mattered was when I was 
working as a . . . basically a reporter for our website and interviewing scientists at 
meetings when I suddenly started realizing that some of the scientists were sort of 
creepy. There's a couple leering faces I remember in particular but I also 
remember thinking that, since they - they tended to underestimate my intelligence 
or grasp of the material, those same people and so they tended to have looser lips 
in terms of telling me things that maybe they shouldn't have. (Geologist) 
I feel like kids start to develop a sense of if they are ‘good at math and science’ 
right around the same age that they start to develop opinions about their abilities 
as artists. And I'm just like, ‘You’re 6, you've never even had hot sauce. So how do 
you know that you don't like math?’ So, I wonder what signals a child has been 
receiving…what has changed (Technologist/Pre-medical Student) 
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 Expanding upon that, another grouping of five women mentioned that although 
representation had improved somewhat for women, it was not nearly enough change in 
specific subsets of underrepresented people:  
I think there are some good changes that have happening. I know statistics, 
statistics-wise was the number of women in STEM field has increased since my 
time. But one thing that hasn't changed much since kind of going into the STEM 
field is the number of minorities who are getting their masters or they're getting 
their PhD.  And that hasn't changed. So, it's a little discouraging. (Astronomer) 
Even though, even though [all] the people that I know, all of the people that I know 
in the field that have jobs, that have permanent jobs, and have severe 
disabilities . . . the most I'm just talking about two, no not even three right. 
(Computer Scientist) 
 Though positive attitude changes were remarked upon by participants, the lack of 
enough substantial change was made clear. Underrepresentation in STEM for women 
remains a serious issue, particularly when compounded by additional underrepresented 
identities. The emphasis on negative stereotype impacts, and potential backlash by 
perceived unfair advantages is also important to consider for interventions with such 
groups, as discussed in Chapter 5. 
 Recommendations (41 Responses) 
In giving recommendations for engaging or retaining young women in STEM fields, the 
participants commented on the need for positivity. They stressed the importance of not 
focusing solely on negative stories and negative aspects, with the understanding that 
such negativity might discourage even greater numbers of talented individuals away 
from STEM fields.  “I want them not to be scared - as we are not scared, right?” 
(Computer Scientist) 
 Ten participants commented on the importance of changing policies or cultures to 
help retain more underrepresented groups in STEM: 
All these things, science can be just you know brutal. Oh, you know, the I just 
worked 60 hours in a lab and 20 more on writing papers kind of thing, or the 
telescope or whatever people who publish first and most win. So, you know, if 
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that's the only measure of success then a woman who is taking care of her kid or 
kids or you know a parent or whatever is going to be at a disadvantage. So, it's 
retaining people, it just has to be a good quality of work/life. (Science Writer) 
I think that in all of these areas of bias and privilege and stuff it is really, it’s the 
responsibility of the people who are in a position of greater privilege or power to 
work on making that change. You know, so I think that men need to speak up 
more against sexism. You know, white people need to speak up more against 
racism. People who are able bodied need to speak up more against ableism . . . 
(Cosmologist) 
All of the advice is being given to women to tell them how to change, but it's 
equally important to get existing culture to change to be more welcoming to 
women and other underrepresented groups. (Geologist) 
The recognition of the emotional labor that women can do in the communities and 
organizations that they're a part of. Like, the kindness, the office vibes, like thinking 
about how to say something - considering other people's feelings and like the 
group dynamics offered by being sensitive to personality types. Like, all of those 
things are so difficult to, to quantify but have to be recognized and valued. And I 
think women take on a lot about work. (Technologist/Pre-medical Student) 
Any kind of policy issue, you need the simultaneous grassroots activity with policy 
changes at the top. (Mathematician) 
 Other recommendations included mentorship and community (3) (relating to the 
first theme), as well as the potential for creating new communities in younger STEM 
fields (1): 
So, finding mentors and then finding community. So, and hopefully - if you're lucky 
you can find community in your own department. But if you can't, there are other 
places to find community. There's social media, there are - you know, make sure 
that you are not isolated. (Geologist) 
Planetary science: my theory about women in science is that when there's a new 
field, that's when there's not as much of an ‘old boy network’ maybe or that's the 
way it’s been, and women can get into it. (Software Developer) 
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 Being cognizant of representation was also a strong message throughout many of 
the interviews, and in particular for women of color and people who are differently 
abled:  
When I'm doing outreach events sometimes a young African-American is like, ‘Oh 
your hair is so beautiful!’ Others comment on what I'm wearing. I asked a 
colleague, ‘I don't know why they do that . . . it always catches me off guard. I want 
to talk about this cool infrared demonstration I'm doing. Thank you for 
complimenting me, but let's focus on this.’ But she said, ‘It’s because they see 
themselves in you.’ (Astronomer) 
This idea of equality and equity . . . if the movement could just figure out how this 
how to express itself in a way that isn't polarizing. Then maybe more people would 
understand but it's not trying to be . . . . It's not trying to recreate another system 
where we would then for example put men down, like that doesn't, that doesn't 
make any sense . . . . I think it's to have men talk to other people about it and to 
explain why they don't feel necessarily like threatened by it, and it's of course a 
shame that like women of color’s voices can be so easily dismissed in the world 
that we live in. (Technologist/Pre-medical Student) 
Now . . . people with disabilities, we are different among each other, as abled 
people are different among themselves. We are completely different. (Computer 
Scientist) 
 From focusing on life-long learning, to helping to enact positive change for others, 
to ensuring that negative stories and situations not be the sole focus of any single issue 
of working on under-representations in STEM, setting a positive stage for further work, 
further change, in STEM fields was strongly encouraged:  
If space is where you want to go and what you want to do, then you can do 
that . . . . And I’m hoping that you realize that if real people can go to this amazing, 
fantastic place and be astronauts - real people like me - then real people like you 
can do whatever you want to do as well. (Astronaut) 
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I think that there are ways to use the same language of . . . STEM, of math and 
economics to talk about how feminism and equality makes sense. 
(Technologist/Pre-medical Student) 
As you go on . . . there’s always going to be more things to learn. And as long as 
you figure out how you learn, how you figure things out, whether you like to write 
them down . . . whatever way is the way you learn, that’s how you are going to get 
the skills that are required (Astronaut) 
And you know just there were a lot of other cool women [in my grad school 
program], so it was a good mix of students pretty much 50/50 and so it was, I don't 
know if I've been, if I have particularly good judgment which is, or if I had good luck 
I'm sure it's a mixture of a little bit of both. But I, I always have managed to land in 
environments that are not toxic. (Geologist) 
 These recommendations are discussed as supporting the literature in the next 
chapter, and were also taken into consideration for the design of Study 2 as described 
next.  
 Impact of Study 1 on Study 2 
From the five overall themes mentioned in the above sections, multiple takeaways were 
applied to Study 2, such as access to role models and mentors.  One additional point 
was an expression of concern that girls need to be engaged with and encouraged in 
STEM fields even before entering middle school.  All participants but two reviewed their 
own movement towards STEM pathways as starting at very young ages (as early as 
kindergarten). Even more, a few participants (3) specifically mentioned they had seen, 
experienced, or heard of girls “opting out” of STEM topics, or feeling discouraged from 
STEM topics while still in elementary school. Additionally, it was clear from these 
interviewees that importance needs to be placed on the broader STEM community as a 
whole need to help ensure STEM materials and outputs are accessible for differently 
abled learners.    
 Just over half of the interviewees (6) commented on the importance of discussing 
personal stories of failure, resilience, and creativity when communicating about STEM 
careers, to help dispel the “genius” stigma often associated with such fields. For 
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example, the astronomer noted that, “It was a huge misconception that I had, [STEM] 
was just these geniuses. They were really smart, things just came to them quickly, and 
that wasn't the case with me.” Closely related to that was the need to help dispel the 
idea of perfection in STEM, a particular concern for interviewees, and importantly for 
those who identified with other underrepresented subgroups. For example: 
The [positive] fact, that you see other people potentially talking about both 
successes and failures, because that’s the other half of that, seeing that, is that you 
know things that they’re not good at or not doing perfect, they're not on the one 
true path . . . Which is going to affect women and minorities. (Radio Astronomer) 
I made a mistake . . . and I really just had to say, ‘Hey, ground, that was me, I did 
that.’ And then I think the hardest thing was just saying, ‘Okay, where were we, let’s 
start again.’ (Astronaut) 
 Study 1, therefore, not only helped to inform the literature in this area, but also 
helped construct the design and implementation of the workshops in Study 2.  The 
following concepts, therefore, were directly incorporated into the design of Study 2: (a) 
that girls should be targeted in elementary school, which led to the researcher targeting 
ages 9 through 12 for the workshops rather than ages 11 through 13; (b) that all the 
materials used in the workshops were coded to U.S. government accessibility standards, 
with consideration of Universal Design for inclusivity; (c) that personal stories of failure, 
resilience, and creativity were incorporated into each workshop, as a result of 
interviewees expressing the importance of these being included;  (d) that materials 
showcasing diverse women in STEM were provided and reviewed in the workshops, as 
related to the need for more role models; and (e) that current, diverse women in STEM 
were trained as assistant facilitators for the workshops, also in response to the 
importance of role models and mentors.  See Chapter 5 for additional details discussing 
these programmatic adjustments.  
The next section will detail the results of the Study 2, including the overall 
discussion of the three workshop events, participant demographics, and the data 
analyses used to examine the materials used and to investigate the research question 
for Study 2.    
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Study 2 Results 
To explore the research question for Study 2, What are the quantifiable effects of data 
based 3D models and prints on spatial reasoning skills and interest in STEM fields, 
particularly with young female learners?, the researcher conducted the following three 
sets of workshops, as detailed in  Chapter 3, for the quantitative study.  Study 2 was 
conducted over four days in three separate locations in February, July, and October of 
2019. The data from Study 2 were comprised of surveys administered to the 
participants, using a randomized pre-post design. For the workshops in Study 2, all 
participants granted permission for the data being collected to be incorporated into this 
thesis (see Chapter 3 for additional information on ethics and permissions, and 
schedules for the activities for each workshop). The following sections provide additional 
detail on each of the workshops.    
 Workshop 1 
The first workshop, conducted on Thursday, February 28, 2019 from 5:30-8:30pm, was a 
special program offered at a local Scout Group headquarters for n = 29 4th, 5th, and 6th 
grade girls (aged 9-11), as part of events being organized worldwide in support of the 
International Astronomical Union (IAU)’s celebrations for Women and Girls in 
Astronomy. The free program had been advertised as “Celebrate the International Day 
of Women and Girls in Science!” in the local Scout Group program guide (online and in 
print). Participants, with their parents/caregivers, self-selected to register individually or 
participate as representatives from a grouping of Scouts.  Capacity was set at 30 
students.  Thirty students registered and 29 students attended.  The event ran for about 
2.5 hours formally with about 30 minutes of additional informal time at the beginning of 
the workshop when participants began showing up in staggered numbers.   
 The 29 participants spent the entirety of the workshop in one large room together, 
grouped into five tables of approximately six participants per table. Chrome books and 
Internet were provided by the organization, with the rest of the materials supplied by 
the researcher.  Two facilitators were on hand for the workshop, this researcher as lead 
facilitator, and a female assistant trained by the researcher as a second facilitator.  The 
second facilitator was experienced, having been trained by the researcher on the digital 
materials, and having assisted with demonstrating workshop activities and approaches 
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over other multiple in-person session events during 2018. One Scout Group 
headquarters employee remained outside of the room but nearby for assistance with 
logistics as needed, and multiple parents stayed in the next room to wait.  On this day, 
poor weather was a factor.  Though all but one of the girls who registered for the event 
showed up, 14 girls had to leave early, as their parents were concerned for their 
personal safety regarding driving home in the recently fallen snow. This negatively 
affected the total number of post-evaluations for this group and reduced the total 
number of completed pre-post sets of data for this group to 15.  
 Workshop 2 
The second workshop was conducted as a full day workshop organized with the Camp 
Group for a special summer-long day-camp program for local socio-economically 
disadvantaged girls. Participation had been planned for n = 50, but as the summer 
program progressed, almost half had dropped out of that program and/or showed up 
less frequently for the Camp Group’s programs.  Therefore, for this workshop, there 
were 29 participants.  This event for girls aged 11-12 was organized as a sponsored field 
trip titled, “A Virtual Trip to the Stars with NASA,” the last one of five field trips of the 
program that summer.  They were bussed to a local college on Thursday, July 25, 2019 
from 9:30am-3:30pm.  Two students had to leave the event early for personal reasons, 
bringing the total of completed pre-post sets of data to 27. 
 Participants spent the day moving between one large meeting room and two 
nearby smaller computer labs equipped with desktop PC computers and high-speed 
Internet.  The remaining materials provided were supplied by the researcher. Five 
facilitators in total were on hand for the workshop, with this researcher as lead 
facilitator and four female volunteers, including two women of color, trained by the 
researcher as assistant facilitators. One woman was an assistant facilitator at all three of 
the workshops for Study 2.   Training for the assistant facilitators had occurred by 
reviewing the online materials and assisting with demonstrating workshop activities and 
approaches over multiple in-person session events during 2018. Four Camp Group 
chaperones also remained on site to assist with logistics, such as helping with bagged 
lunches and restroom breaks.  
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 Workshops 3 and 4 
The third and fourth workshops took place at a local private girls’ school equipped with a 
full “STEAM” (science, technology, education, art and math) center for 59 girls, who 
comprised their entire 4th, 5th, and 6th grade classes (aged 9-11). On Thursday, October 
10, (n = 16) 4th and (n = 17) 5th grade girls participated, and on Friday October 11, 2019, (n 
= 26) 6th grade girls participated. Organized in part to celebrate Ada Lovelace day, the 
workshop, “NASA Runs on Coding” was conducted from 8:30am-3pm each day. One 6th 
grade student had to leave early for personal reasons, bringing the total of completed 
pre-post sets of data to 58. 
 Participants spent the day moving between one large meeting room and one 
nearby smaller computer lab (as well as a lunch room and outdoors for recess).  Both 
the meeting and computer rooms were equipped with PC laptops and high-speed 
Internet, as well as one of the school’s 3D printers, provided by the technology 
department, to run during the event in the meeting room.  The remaining materials 
provided were supplied by the researcher.  
Two facilitators were on hand for Workshop 3, with this researcher as lead 
facilitator, and with a female volunteer trained by the researcher as an assistant 
facilitator that had served at each workshop.  Six teacher chaperones cycled through the 
rooms during the two days to assist with the workshop as needed and help with any 
logistics, such as overseeing outdoor recess and leading students to lunch.  A month 
prior to Workshop 3, the researcher led a 60-minute online webinar for teacher training 
so the educators would be comfortable with the material offered during the workshops 
and be able to incorporate content extensions or supplements, or answer questions 
from the students, in the days before and after the workshops.  
Statistical Analyses  
 Descriptive Data 
To begin, frequencies on the data were run for each variable in the study to obtain the 
descriptive statistics associated with the total sample of n = 100. For each variable, the 
researcher looked at the frequency, mean, median, and standard deviation as applicable 
to each variable, and examined the minimum and maximum values to ensure that the 
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data remained within expected value ranges. In two instances, data for a variable had 
been mis-entered; these were corrected after locating the correct information from the 
hard copy.  
 Basic demographic information was collected from the participants during the pre-
evaluation phase.  Results for the full sample, and broken down by affiliation, is 
provided in Table 4.3, with the means and standard deviations across age, self-rating, 
and video hours for both the full group as well as by affiliation is provided in Table 4.4. 
Table 4.3  
Demographic Data for the Full Sample and by Affiliation 
Item   Group n Percent 
Affiliation Scout Group 15 15 
 Camp Group 27 27 
 Private School 58 58 
Pre-Post Group       
Full Group Spatial/Inventory 55 55 
 Inventory/Spatial 45 45 
Scout Group Spatial/Inventory 7 46.7 
 Inventory/Spatial 8 53.3 
Camp Group Spatial/Inventory 16 59.3 
 Inventory/Spatial 11 40.7 
Private School Spatial/Inventory 32 55.2 
 Inventory/Spatial 26 44.8 
Age    
Full Group 9 21 21 
 10 25 25 
 11 38 38 
 12 16 16 
Scout Group 9 6 40 
 10 8 53.3 
 11 1 6.7 
 12 -- -- 
Camp Group 9 -- -- 
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Item   Group n Percent 
 10 4 14.8 
 11 9 33.3 
 12 14 51.9 
Private School 9 15 25.9 
 10 13 22.4 
 11 28 48.3 
 12 2 3.4 
Grade    
 4 27 27 
Full Group 5 25 25 
 6 32 32 
 7 16 16 
Scout Group 4 11 73.3 
 5 4 26.7 
 6 -- -- 
 7 -- -- 
Camp Group 4 -- -- 
 5 4 14.8 
 6 7 25.9 
 7 16 59.3 
Private School 4 16 27.6 
 5 17 29.3 
 6 25 43.1 
 7 -- -- 
Gender Female 99 99 
 Nonbinary 1 1 
Ethnicity    
Full Group Caucasian 45 45 
 Black/African 11 11 
 Hispanic/Latina 9 9 
 Other 30 30 
 Prefer NtA 5 5 
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Item   Group n Percent 
Scout Group Caucasian 11 73.3  
Black/African -- -- 
 Hispanic/Latina -- -- 
 Other 2 13.3 
 Prefer NtA 2 13.3 
Camp Group Caucasian -- -- 
 Black/African 8 29.6 
 Hispanic/Latina 8 29.6 
 Other 10 37 
 Prefer NtA 1 3.7 
Private School Caucasian 34 58.6 
 Black/African 3 5.2 
 Hispanic/Latina 1 1.7 
 Other 18 31 
 Prefer NtA 2 3.4 
Self-rating    
Full Group 1 2 2 
 2 -- -- 
 3 1 1 
 4 6 6 
 5 21 21 
 6 19 19 
 7 20 20 
 8 18 18 
 9 7 7 
 10 6 6 
Scout Group 1 -- -- 
 2 -- -- 
 3 -- -- 
 4 2 13.3 
 5 3 20 
 6 1 6.7 
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Item   Group n Percent 
 7 2 13.3 
 8 2 13.3 
 9 3 20 
 10 2 13.3 
Camp Group 1 -- -- 
 2 -- -- 
 3 1 3.7 
 4 1 3.7 
 5 8 29.6 
 6 7 25.9 
 7 7 25.9 
 8 3 11.1 
 9 -- -- 
 10 -- -- 
Private School 1 2 3.4 
 2 -- -- 
 3 -- -- 
 4 3 5.2 
 5 10 17.2 
 6 11 19 
 7 11 19 
 8 13 22.4 
 9 4 6.9 
 10 4 6.9 
Video Hours    
       Full Group 0 48 48 
 1 24 24 
 2 14 14 
 3 6 6 
 4 2 2 
 5 2 2 
 6 1 1 
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Item   Group n Percent 
 7 2 2 
 8 1 1 
      Scout Group 0 5 33.3 
 1 5 33.3 
 2 3 20 
 3 1 6.7 
 4 1 6.7 
 5 -- -- 
 6 -- -- 
 7 -- -- 
 8 -- -- 
Camp Group 0 6 22.2 
 1 10 37 
 2 5 18.5 
 3 1 3.7 
 4 1 3.7 
 5 1 3.7 
 6 1 3.7 
 7 1 3.7 
 8 1 3.7 
Private School 0 37 63.8 
 1 9 15.5 
 2 6 10.3 
 3 4 6.9 
 4 -- -- 
 5 1 1.7 
 6 -- -- 
 7 1 1.7 
  8 -- -- 
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Table 4.4  
Means and Standard Deviations for Age, Self-rating, and Video Hours for Full Group, and by 
Affiliation 
Item Mean Standard Deviation 
Age 
  
     Full Group 10.49 1 
     Scout Group 9.67 0.62 
     
  
     Camp Group 11.37 0.74 
     Private School 10.29 0.9 
Self-rating 
  
      Full Group  6.55 1.81 
      Scout Group 7.07 2.12 
      Camp Group 6 1.24 
      Private School 6.67 1.91 
Video Hours 
  
       Full Group  1.16 1.68 
       Scout Group 1.2 1.21 
       Camp Group 1.96 2.19 
      Private School 0.78 1.38 
 
As shown in Tables 4.3 and 4.4, participants in the full group were fairly evenly spread 
across age and grade, in a narrow band from ages 9 to 12 and grades 4 to 7.  
Participants identified as female with one exception, who self-identified as non-binary. 
In the full sample, of those who responded to the item asking for ethnicity, 45% of the 
participants (n = 45) self-identified as Caucasian, 30% (n = 30) as mixed race, 11% (n = 11) 
as Black, and 9% (n = 9) as Latina. The remaining five participants did not respond to this 
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item.  In terms of affiliation, the Camp Group was the only group comprised completely 
of girls of color (with one participant who chose not to respond to this item). 
 There were slightly more participants in the spatial inventory pre-STEM inventory 
post sample (n = 55) than the STEM inventory pre-spatial inventory post sample (n = 45). 
This was mostly a result of some participants having to leave early who were in the 
STEM inventory post-condition, as well as a result of the distribution of the instruments 
to groups with odd numbers of participants. 
All participants (n = 100) were asked to rate themselves on their overall knowledge 
in STEM topics. On a scale of 1 (low) to 10 (high), the mean rating for the full sample was 
6.55 (SD = 1.81). Roughly one third of the participants (n = 30) rated themselves between 
1 to 5, just over one third rated themselves at 6 or 7 (n = 39), and the final third rated 
themselves at the highest levels of 8 to10 (n = 31). This indicated a fairly wide range of 
self-reported STEM information for the sample, with the average rating approaching 7 
(see Table 4.4).  
 When examined by affiliation, self-reported overall STEM knowledge for the Camp 
Group participants was M = 6.00 (SD = 1.24); for the Scout Group, M = 7.07 (SD = 2.12); 
and for Private School, M = 6.67 (SD = 1.91), thus setting the Camp Group participants 
somewhat below the other two groups in terms of their self-reported STEM knowledge. 
A one-way analysis of variance determined that these differences were not statistically 
significant, F (2, 97) = 2.03, ns. Finally, the majority of participants (n = 86; 86%) reported 
spending 0-2 hours playing video games per day (M = 1.16, SD = 1.68). This was reported 
similarly across affiliations. However, as there was some confusion vocalized by the girls 
and noted by the researcher as to what “counted” as playing a video game during the 
evaluation, this variable was only used in a correlational analysis and not in the primary 
analyses for investigating the research question. This will be discussed further in 
Chapter 5.  
 The scores for the spatial and STEM inventories are presented in Table 4.5. The 
total score for the spatial inventory, based on 0 (lowest possible score) to 5 (highest 
possible score) for the full group was M = 2.89 (SD = 1.60). For the the STEM inventory, 
based on 25 (lowest possible score) to 175 (highest possible score) the mean was 121.08 
(SD = 35.50). By affiliation, Private School had the highest values for the spatial score 
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totals (M = 3.47, SD = 1.23), followed by the Camp Group (M = 2.78, SD = 1.60), and then 
the Scout Group (M = 0.87, SD = 1.19).  For the STEM inventory score totals, Private 
School placed the highest again (M = 130.76, SD = 33.97), followed by the Scout Group (M 
= 114.40, SD = 32.92), and then the Camp Group (M = 104.00, SD = 33.88).  
Table 4.5  
Scores for the Spatial Skills and STEM Inventories for the Full Sample and by Pre Post 
Conditions Within Affiliation 
Item Group n Mean SD 
Spatial Total Score  Full Group 100 2.89 1.6 
        Scout Group 15 0.87 1.19 
       Camp Group 27 2.78 1.6 
       Private School  58 3.47 1.23 
Inventory Total Score  Full Group 100 121.08 35.5 
       Scout Group 15 114.4 32.92 
        Camp Group 27 104 33.88 
        Private School  58 130.76 33.97 
Spatial Pre Full Group 55 3.24 1.48 
        Scout Group 7 1.14 1.35 
       Camp Group 16 3.06 1.77 
       Private School  32 3.78 0.79 
Spatial Post Full Group 45 2.47 1.66 
        Scout Group 8 0.63 1.06 
       Camp Group 11 2.36 1.29 
       Private School  26 3.08 1.55 
Inventory Pre Full Group 45 116.24 43.28 
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Item Group n Mean SD 
        Scout Group 8 105.63 40.88 
       Camp Group 11 89 42.04 
       Private School  26 131.04 39.14 
Inventory Post Full Group 55 125.04 27.36 
        Scout Group 7 124.43 18.94 
       Camp Group 16 114.31 23.08 
       Private School  32 130.53 29.77 
 
 Principal Component Analysis  
Next, a Principal Component Analysis with a direct oblimin rotation was run on the items 
of the STEM inventory to examine their factor structure (see Table 4.6). A direct oblimin 
rotation was chosen as any anticipated underlying factors could be correlated, and this 
allowed for such correlation among factors. As Table 4.6 shows, the structure matched 
what was expected for the inventory, with the items for each subscale loading into an 
individual factor, aligning with the published results (Tyler-Wood et al., 2010).  Based on 
this analysis, the items for each category were combined into their expected subscales.   
Table 4.6  
Principal Component Analysis of the “Instruments for Assessing Interest in STEM Content and 
Careers” (Tyler-Wood et al., 2010) 
 Component  
Item  1 2 3 4 5 Communalities 
Science Boring  .865 .225 -.371 .363 -.451 .800 
Science Appealing .847 .241 -.178 .437 -.411 .754 
Science Fascinating .840 .299 -.322 .354 -.545 .550 
Science Nothing .818 .148 -.484 .385 -.365 .747 
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 Component  
Item  1 2 3 4 5 Communalities 
Science Exciting  .718 .145 -.284 .402 -.173 .792 
Math Boring  .045 .869 -.267 .051 -.237 .799 
Math Appealing .119 .940 -.130 .118 -.106 .899 
Math Fascinating .200 .948 -.182 .206 -.188 .905 
Math Nothing .375 .634 -.458 .305 -.477 .609 
Math Exciting  .268 .917 -.145 .089 -.187 .860 
Technology Boring .450 .248 -.866 .267 -.178 .803 
Technology Appealing .266 .214 -.886 .247 -.293 .797 
Technology Fascinating .209 .194 -.878 .248 -.383 .822 
Technology Nothing .362 .156 -.877 .248 -.103 .801 
Technology Exciting .238 .239 -.798 .236 -.135 .651 
Engineering Boring .539 .212 -.192 .905 -.284 .875 
Engineering Appealing .282 .085 -.266 .845 -.430 .747 
Engineering Fascinating .215 .145 -.296 .849 -.468 .791 
Engineering Nothing .498 .111 -.269 .792 -.218 .689 
Engineering Exciting .375 .201 -.216 .922 -.410 .858 
Career Boring .422 .228 -.096 .552 -.771 .702 
Career Appealing .354 .230 -.364 .337 -.899 .840 
Career Fascinating .528 .282 -.325 .525 -.784 .733 
Career Nothing           .471 .282 -.093   .527 -.606 .541 
Career Exciting .566 .246 -.260  .503 -.782 .734 
Factor Name Science       Math          Technology        Engineering   Career 
Eigenvalues    9.801          3.321            2.801                1.829             1.346 
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 Component  
Item  1 2 3 4 5 Communalities 
Variance Explained % 39.206         13.283          11.202                7.317             5.385 
        
 Each subscale was then examined in terms of reliabilities, using Cronbach’s Alpha. 
Results are provided in Table 4.7, along with the published reliabilities for the inventory 
(Tyler-Wood et al., 2010).  As shown, in each case the data from the participants on the 
STEM inventory subscales were the same or similar to the published coefficient alphas.  
Reliabilities were calculated for the Spatial inventory, also shown in Table 4.7 below. The 
value reported is generally considered to be at the minimum level of acceptability 
(Cortina, 1993). As there were no published values for this inventory, no comparison 
could be made to previous data, however.   
Table 4.7  
Reliability Statistics using Cronbach’s Alpha for STEM Inventory Subscales and Spatial Skills 
Inventory (5 Items each) 
Subscale Cronbach’s Alpha Published Cronbach’s Alpha 
Science .91 .84 
Math .91 .88 
Engineering .90 .92 
Technology .91 .91 
Career .89 .93 
Spatial .70 -- 
 
 Having established that the reliabilities of the inventories meant that the scales 
were viable, the researcher proceeded with analyses using the total scores for the 
Spatial and STEM inventories. First, correlations were computed to examine the 
relationships of hours playing video games with self-rating of STEM knowledge, the 
Spatial total scores, and the STEM inventory total score. The purpose of this 
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correlational analysis was to investigate the extent of any relationship among these 
variables that might help inform STEM identity. The correlations were done first for the 
full sample and then by affiliation (see Tables 4.8 and 4.9).  
 For the full sample, video hours were negatively correlated with self-rating of STEM 
knowledge, r (98) = -.26, p < .01 and the STEM inventory total score, r (98) = -.29, p < .01, 
thus suggesting that more hours playing video games were related to lower values for 
self-rating of STEM knowledge and the STEM inventory total score. Also of note is the 
positive correlation, r (98) = .33, p < .01 between perception of self-rating of STEM 
knowledge and the STEM inventory total score. 
Table 4.8  
Correlation of Video Hours with Self-rating, Spatial Total, and Inventory Total for Full Sample  
Variable Video Hours Self-rating Spatial Total Inventory Total 
Full Sample (n = 
100) 
    
Video Hours 1    
Self-rating -.262** 1   
Spatial Total .033 .052 1  
Inventory Total -.289** .328** .130 1 
NOTE.     * Correlation is significant at p <. 05  
** Correlation is significant at p <. 01 
 
 When the correlation analysis was rerun by affiliation (Table 4.9), only the results 
for Private School yielded significant relationships. For the full sample, video hours were 
negatively correlated with self-rating of STEM knowledge, r (56) = -.47, p < .01, and the 
STEM inventory total score r (56) = -.29, p = .02, suggesting that more hours playing 
video games were related to lower values for self-rating of STEM knowledge and the 
STEM inventory total score. Again, for the full sample there was also a positive 
correlation, r (56) = .45, p < .01, between self-rating of STEM knowledge and the STEM 
inventory total score for the Private School sample. 
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Table 4.9  
Correlation of with Video Hours, Self-rating, Spatial Total, and Inventory Total by Affiliation 
Variable Video Hours Self-rating Spatial Total Inventory Total 
Scout Group (n = 15)     
Video Hours 1    
Self-rating .162 1   
Spatial Total -.080 .061 1  
Inventory Total .102 .121 -.390 1 
Camp Group(n = 27)     
Video Hours 1    
Self-rating .014 1   
Spatial Total .261 .155 1  
Inventory Total -.206 .046 .089 1 
Private School (n = 58)     
Video Hours 1    
Self-rating -.474** 1   
Spatial Total .032  .111 1  
Inventory Total -.290* .445** .100 1 
NOTE.     * Correlation is significant at p <. 05  
** Correlation is significant at p <. 01 
 
 Multivariate Analysis of Variance (MANOVA) Results 
These analyses laid the groundwork to allow the examination of research question for 
Study 2 concerning the quantifiable effects of databased 3D models of on under-
represented populations in STEM.  As this analysis involved two input or independent 
variables, and two output or dependent variables, a multivariate analysis of variance 
(MANOVA) was used.  The independent variables in the MANOVA were the three 
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affiliations (Scout Group, Camp Group, and Private School) and two levels of the order of 
the presentation of the inventories (Spatial inventory pre and STEM inventory post or 
STEM inventory pre and Spatial inventory post). The two dependent variables were the 
total scores for the Spatial and STEM inventories. Self-rating of STEM knowledge was 
used as a covariate to eliminate the possibility of any potential relationship between 
perceptions of preexisting knowledge and the dependent variables, especially the STEM 
inventory. Therefore, using this covariate essentially equalized the baseline going in to 
the study in terms of where the participants thought they were in terms of ability, so as 
not to obscure any potential effects.  
 The results of the MANOVA (see Table 4.10) yielded two significant findings. 
Affiliation was significant, F(4, 186) = 12.66, p < .001, Partial Eta Squared = .214., as the 
pre-post condition, F(2, 92) = 4.11, p = .019, Partial Eta Squared = .082. There was no 
interaction effect of affiliation by pre-post condition, F(4, 186) = .710, p = .586, ns.  
 Pillai’s trace, which is considered a robust test statistic (Glen, 2016), is reported 
here, although it is noted that all four test statistics yielded the same level of significance 
for affiliation and pre-post condition. Partial Eta squared, a measurement of the 
variance accounted for, is reported as an estimate of effect size. 
Table 4.10  
Results of Multivariate Analysis of Variance  
Effect Value F Hypothesis 
df 
Error df Sig. Partial Eta 
Squared 
Intercept       
Pillai’s Trace .363 26.26 2 92 <.001 .363 
Wilks’ Lambda .637 26.26 2 92 <.001 .363 
Hotelling’s Trace .571 26.26 2 92 <.001 .363 
Roy’s Largest Root    .571 26.26 2 92 <.001 .363 
Self-rating       
Pillai’s Trace .110 5.69 2 92 .005 .110 
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Effect Value F Hypothesis 
df 
Error df Sig. Partial Eta 
Squared 
Wilks’ Lambda .890 5.69 2 92 .005 .110 
Hotelling’s Trace .124 5.69 2 92 .005 .110 
Roy’s Largest Root    .124 5.69 2 92 .005 .110 
Affiliation       
Pillai’s Trace .428 12.66 4 186 <.001 .363 
Wilks’ Lambda .596 13.58 4 184 <.001 .363 
Hotelling’s Trace .637 14.50 4 182 <.001 .363 
Roy’s Largest Root    .566 26.32 2 93 <.001 .363 
Pre Post Condition       
Pillai’s Trace .082 4.11 2 92 .019 .082 
Wilks’ Lambda . 918 4.11 2 92 .019 .082 
Hotelling’s Trace .089 4.11 2 92 .019 .082 
Roy’s Largest Root    .089 4.11 2 92 .019 .082 
Affiliation*Pre Post       
Pillai’s Trace .030 .71 4 186 .586 .015 
Wilks’ Lambda .970 .71 4 184 .586 .015 
Hotelling’s Trace .031 .71 4 182 590 .015 
Roy’s Largest Root    .030 1.41 2 93  .015 
 
 Univariate Results 
The univariate results are shown next on Table 4.11. For two significant main effects, for 
affiliation for the Spatial inventory, F(2, 93) = 22.96, p < .001, Partial Eta Squared = .331. 
For affiliation for the STEM inventory, F(2, 93) = 6.10, p = .003, Partial Eta Squared = .116. 
For pre-post condition for the Spatial inventory, F(1, 93) = 4.34, p = .040, Partial Eta 
Squared = .045. For pre-post condition for the STEM inventory, F(1, 93) = 3.67, p = .058, 
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Partial Eta Squared = .038.  The descriptive statistics for the multivariate test are shown 
previously on Table 4.10, and are presented graphically in Figures 4.1 and 4.2 below.    
Table 4.11  
Results of Univariate Analysis of Variance Between-subjects Effects 
Source Dependent Variable       
Type III Sum  
of Squares 
df Mean Square F   Sig. 
Partial Eta 
Squared 
Affiliation Spatial Total 78.14 2 39.36 22.96 <.001 0.331 
 
Inventory Total 12464.33 2 6232.17 6.1 0.003 0.116 
Pre Post  Spatial Total 7.44 1 7.438 4.34 0.04 0.045 
Condition Inventory Total 3751.09 1 3751.09 3.67 0.058 0.038 
Affiliation * Spatial Total 0.14 2 0.067 0.04 0.961 0.001 
Pre Post Inventory Total 2879.38 2 1439.69 1.41 0.25 0.029 
Condition 
       
Error Spatial Total 159.39 93 1.71 
   
 
Inventory Total 95069.43 93 1022.25 
   
Total Spatial Total 1089 100 
    
 
Inventory Total 1590788 100 
    
Corrected Spatial Total 253.79 99 
    
Total Inventory Total 124751.36 99 
    
 
 Figure 4.1. shows the mean pre-post scores for the Spatial inventory, with separate 
lines for each affiliation. It can be seen that all three groups did less well on average in 
the post-evaluation condition, and that the participants from the Camp Group were well 
below the other two groups.  
Figure 4.1  
Mean Pre-Post Scores for Spatial Inventory 
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Figure 4.2. shows the mean pre-post scores for the STEM inventory, with separate 
lines for each affiliation. It can be seen that the Private School participants did not 
exhibit much change from pre- to post, but the other two groups increased nearly 20 
points for the Scout Group and 25 points for the Camp Group participants.  
Figure 4.2  









 Informal Observations 
Finally, although not included as formal analyses, informal observations were recorded 
by the researcher after each workshop.  This included general observations on student 
participation, vocalizations and energy levels, comments made by the participants to the 
researcher throughout the day, questions or concerns raised during the activities, as 
well as summations from the students at the end-of-day wrap up sessions.    
 Participant comments throughout the workshops, for example, included such 
notes as: “Will you be my BFF?”, “I want to do this when I grow up,” “I didn’t know I could 
do this,” “This was the best day ever,” and “I didn’t know I could walk around a black 
hole.”  The Camp group related the highest number of comments like this directly to the 
researcher, and the Scouts group was the least vocal to the researcher (which could 
have been due to the shorter length of time spent with the researcher for the Scouts, 
and the slightly early dispersal due to the weather).   
 Informal question and answer sessions after the workshop activities resulted in 
discussions around which activities the girls enjoyed the best, what concepts they 
learned, and what issues they were curious about.  One common theme expressed 
across all three groups was particular enjoyment of the VR, and to a slightly lesser 
extent, the 3D printing (which was also backed up through the recorded observations of 
the activities themselves), though the girls spoke positively about each activity as a 
whole.  Questions relating to the researcher’s career were numerous, but particularly 
from the Private School, ranging from curiosity of what field of study was majored in, to 
how the researcher got a job on a NASA mission, to specific questions on the types of 
work the researcher currently does.  Finally, science-based questions were another 
common theme across all the groups, with the highest frequency in the Private School 
group (which also had the longest time of the workshops).  These questions ranged from 
specific context questions as related to the VR activities, and particularly black holes, to 
questions on broader topics such as aliens.  
 As noted previously, the highest levels of confusion with the spatial instrument – 
and to a slightly lesser extent, the STEM inventory and demographics – were expressed 
to the researcher by the Camp group, followed by the Scout Group, followed by the 
Private School, though all groups related notable levels of confusion and frustration.  
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The Private School group participants worked with each other to help fellow students 
complete the spatial instrument.  This issue is discussed in the next chapter.  
Summary 
This chapter presented the results from the qualitative and quantitative studies as they 
pertained to the research questions on the obstacles and challenges that female-
identifying underrepresented groups can face and the potential quantifiable effects of 
3D data on spatial reasoning skills and interest in STEM fields of such learners. The 
qualitative study, designed to investigate the STEM pathways of a diverse group of 
women currently active in their fields, and to solicit actionable thoughts with regard to 
how to improve those pathways for young females today, was then applied to the 
design of the quantitative study.   
 Statistical analyses from the quantitative study will be discussed in Chapter 5. For 
example, disadvantaged groups experienced gains in STEM interest and confidence 
from the workshops, and the more privileged group remained effectively constant 
(already high).  Further, positive impact on spatial reasoning skills for this sample was 
not significant but contributes a useful data point for the literature. The next chapter 
provides a summary of the thesis and main findings, a discussion of the analyzed data 
and results, contributions to the literature, limitations of the studies, and reflections and 






5 Chapter 5. Discussion 
 
The previous chapter presented the data, analyses, and results from the two studies of 
this thesis. Chapter 5 provides a summary of the thesis and main findings, discusses the 
findings, and presents the contributions to the literature, as well as the limitations of the 
studies. It concludes with reflections and suggestions for future research. 
Thesis Summary 
Research to date has not focussed on the development of STEM interests and spatial 
reasoning skills of young female learners, particularly at the time when such young 
learners are forming potential identities in or with STEM and beginning to think about 
educational and career-related decisions. In this thesis, a targeted program was 
designed to gauge, investigate, and increase spatial reasoning skills and interest in STEM 
fields for females in upper elementary and middle school years. The program used 
unique, data-based models and emerging technologies grounded in cutting-edge 
astrophysics research, along with a few more familiar activities such as origami, to 
engage the participants and get them thinking about the possibilities for further study 
or future work in areas related to STEM. The program was carried out across formal and 
informal learning environments with different demographical groups. 
 Therefore, the goal for the targeted program that was developed was to explore its 
effects on spatial reasoning abilities and interest in STEM fields for young females across 
a variety of venue types and with a particular lens towards working with young female 
learners who were primarily from underrepresented groups.  
 As the focus of this research was on young females, particularly in groups 
considered underrepresented in STEM fields with regard to socioeconomic status, 
special needs/disability, ethnicity/race, income, language, literacy skills, and/or 
geographic location, it was critical to gain perspective on possible historical or 
sociological reasons why young women throughout the “pipeline” (student progress 
from school to college and into career (Ewell et al., 2006)) typically have been less 
engaged in STEM subjects as compared to young men. Larger swaths of 
underrepresented populations in STEM - such as women – also switch from STEM fields 
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to non-STEM fields during undergraduate educations than more traditionally typical 
STEM populations (Anderson & Kim, 2006; Chen, 2013; Hill, Corbett, & St. Rose, 2010). 
Although the literature includes research on the roles of women in STEM-related fields 
(see e.g., Cvencek et al., 2011; Ganley & Lubienski, 2016; Heaverlo et al., 2013; Corbett & 
Hill, 2015; Leslie et al., 2015; Pajares, 2005; Perez-Felkner et al., 2017; Sarsons & Xu, 
2015; Stoet & Geary, 2018), personal recollections have not been examined in light of 
how that information might inform current practice as it relates to promoting STEM with 
young female learners. A qualitative study, therefore, (Study 1) was designed to explore 
such potentially important historical perspectives, with adult female participants who 
represented diverse groups both in terms of STEM careers and personal attributes. 
Their perspectives then helped inform the development of the quantitative study (Study 
2), which involved working directly with young female learners using the targeted 
program.  
 There were two research questions, one for each study. These were: 
 Study 1:  
Specific to STEM fields, what are some of the obstacles and challenges that female-
identifying underrepresented groups can face? 
 Study 2:  
What are the quantifiable effects of data-based 3D models and prints on spatial 
reasoning skills and interest in STEM fields, particularly with young female 
learners? 
Importance of the Topic 
As addressed in Chapters 1 and 2, there are numerous reasons why gender parity in 
STEM is of import to achieve. Firstly, practical issues such as equal opportunity and pay, 
along with good job security for women in STEM pathways, are key, especially as career 
opportunities in STEM fields increase (Langdon et al., 2011). Such financial security can 
be important for the economic viability of a family (see Anderson, 2016), and particularly 
as single-mother families increase (U.S. Census Bureau, 2016). More importantly, in 
terms of education, developing the strong critical thinking skills (Duran & Sendag, 2012) 
that are part of STEM subjects are vital in today’s world.  Women tend to make many of 
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the decisions on matters related to health and wellbeing not only for themselves but 
also for their families (Marincola, 2006). Their personal consumer choices, voting 
behaviors, investments, and other decisions affect wider economics, politics, finance, 
and other areas. This argues for women to be well versed in skills, especially those 
associated with critical thinking and reasoning, associated with STEM fields.  
 As presented in Chapter 2, applications in artificial intelligence, health diagnostics 
and medications, engineering, and other fields, as well as how research is conducted, by 
whom and for whom, matters. A lack of parity can have serious consequences on the 
populations who are left behind.  Therefore, the loss – or absence – of women in STEM 
has quantifiable effects on economies, as well as effects on the “systems we create”, 
from the scientific policy established by governments, to the consumer products people 
use on a daily basis (Reilly et al., 2019; Wade & Zaringhalam, 2019, para.4).  
 More specifically, STEM interest and spatial reasoning skills were prioritized in this 
research.  Mental manipulation and understanding of 2D or 3D objects has been posited 
as an important STEM skill, helping to indicate future mathematical success (Hegarty & 
Waller, 2005; Verdine et al., 2014), science performance (Uttal et al., 2013), and potential 
pursuit of STEM careers (Uttal & Cohen, 2012). Middle school students with good mental 
rotation skills particularly tend to perform well in their science classes (Ganley et al., 
2014).  And Rafi et al. (2005) noted that early childhood activities involving paper folding, 
unfolding, and other manipulations make important contributions towards enhancing 
spatial skills. 
 Research has indicated that differences in spatial reasoning between male and 
female learners often show reduced or delayed development in females (Linn & 
Petersen, 1985; Maccoby & Jacklin, 1974; Voyer et al., 1995; Yilmaz, 2009). A meta-
analysis of gender differences across 14 studies published between 1975 and 1992 
supported that claim, with females shown to be at a statistically significant disadvantage 
in mental rotation skills in each of the studies (Masters & Sanders, 1993). Recent 
research has emerged indicating that such spatial skills can be improved through 
interventions (Gold et al., 2018; Hwang et al., 2009; Uttal et al., 2013; Yeh, 2007), and 
likely through interventions in virtual environments (Hwang & Hu, 2013). Those findings 
underpinned the motivation for the research conducted for this thesis. 
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 Some literature has suggested an optimal age for spatial skills development would 
be in early middle school years, that is, ages 11-12 (Ben-Chaim, 1989).  Yet, no definitive 
research was found on the lower limits of total time needed for such interventions, nor 
specific research particularly targeting underserved young female learners. The research 
in this thesis set out to explore such variables.   
 STEM interest is typically a critical component of developing a STEM identity, and 
can be intertwined with issues of confidence and self-efficacy for young female learners. 
Research has shown that by as young as kindergarten age, young girls believe boys are 
more brilliant and suited to highly intellectual activities over girls (Bian et al., 2017). It 
follows that negative stereotypes and implicit biases, particularly as unconsciously 
reinforced by parents, caretakers, and educators, can affect girls’ self-perception in 
STEM topics (Levine, M., et al., 2015). Any such lack of confidence in themselves as 
participants in STEM, or more generally feeling inadequate, can lead to feelings 
associated with what has been characterized as imposter syndrome (Heaverlo et al., 
2013), which affects adult women (and men) in STEM, and particularly affects 
minoritized populations (Byars-Winston & Dahlberg, 2019).  
 Younger women and underrepresented groups may find that if they are not fitting 
a more typical STEM profile by middle school, then STEM might not look to be a viable or 
feasible career path for them (Hill, 2019). Furthermore, there is an often referenced 
“STEM pipeline” which, perhaps inadvertently, asserts a linear path from childhood 
interest in STEM, straight through to taking STEM courses at university, to finding work 
in a STEM career (The STEM Pipeline, 2015). In fact, this pipeline applies to only about 
50% of STEM workers, and further can serve to discourage diversification of the STEM 
workforce population (Cannady et al., 2014) by unintentionally propounding a one size 
fits all.  
 This section has reviewed the context for and importance of the topic addressed in 
this thesis. It argued for progress to be made assisting young females to develop skills 
related to STEM areas through targeted programs, and engendering enthusiasm for 
STEM career options. The next section will describe the main findings from the two 
studies conducted for this thesis. 
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Main Findings 
This section details the main findings of Study 1 and Study 2 of this thesis. The findings 
of Study 1 will also be discussed as to how these findings had an impact on the 
workshop design of Study 2. 
 Study 1 
Study 1 was a qualitative investigation involving in-depth interviews with 11 diverse 
adult females in various STEM fields, many of whom affiliated with additional 
underrepresented groups. It was designed to explore their educational and career 
pathways, and to solicit their thoughts with regard to how to improve those pathways 
for young females today. The literature found to date did not contain qualitative 
research that investigated personal recollections of diverse women in STEM, in 
particular in terms of how those recollections could be applied to understanding the 
needs of underrepresented young female learners. This study helps to address that 
void.  
 Although the demographics of the women interviewed in Study 1 represented a 
variety of age groups and career stages, most participants were in a mid or early-career 
stage, with the majority of the participants in their 30s to 40s.  The memories were 
described as being still quite fresh for the participants. So, it is reasonable to posit that 
the time that had elapsed for many of the interviewees as they discussed the 
experiences that either helped or harmed them in their STEM career paths was short 
enough to be helpful for modern implications.  
 The results from Study 1 were directly applied to the design of Study 2 to enhance 
the interventions for underrepresented young female learners in STEM. As such, the 
researcher incorporated multiple suggestions from the Study 1 (qualitative study) into 
Study 2 (quantitative study). These were  (a) there was a high degree of participant 
concern in the qualitative study that girls should be targeted prior to entering middle 
school. Acting on this, the researcher expanded the originally intended age range for the 
quantitative study to include upper elementary participants instead of limiting it to 
middle grades participants, thereby making it more inclusive of younger ages;  (b) the 
researcher verified or improved the accessibility of all the materials used based on U.S. 
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government accessibility standards, taking aspects of Universal Design (Luna, n.d.) into 
consideration, in order to be inclusive for differently abled learners; (c) the researcher 
incorporated personal stories of failure, resilience, and creativity into the introductions 
and wrap-up portions of each workshop, as a direct result of interviewees expressing 
the importance of these to dispel ideas of scientists being born and not made, and the 
need to increase self-efficacy in STEM areas;  (d) as role models and mentors were 
prioritized by each interviewee, materials incorporating stories of diverse women in 
STEM were provided as handouts and reviewed at the end of the workshops; (e) women 
actively working in STEM fields were incorporated as facilitators or volunteer assistant 
facilitators for the workshops, in response to findings from Study 1 underlining the 
importance of such inclusion. 
 The analysis of the interview data yielded five themes, including the highest 
number of responses in the theme of influencers (whether role models, mentors or 
detractors), as well as four additional themes of learning experiences, hurdles or 
difficulties, attitude changes towards women in STEM, and recommendations for 
engaging and retaining females in STEM. In addition, the participants in Study 1 clearly 
noted that though we have seen improvements in attitudes towards and in 
opportunities for women in STEM over past decades, equity is not yet in sight, and this 
lack of equity is particularly egregious for women in under-represented communities.  
 There were three primary findings from Study 1 that directly addressed the 
research question and also affected Study 2 in terms of design of and approaches used 
in the workshops. The first primary finding addressed the critical role of having a good 
mentor, role model, or support system in place along the girls’ pathway (whether in 
school, at home, or during activities). The second primary finding stressed the need to 
work with and engage females in STEM activities and subjects when they are as young as 
possible, preferably while in primary/elementary school. The third primary finding 
emphasized the importance of young girls believing in themselves. The interviewees’ 
responses could be interpreted as a call for developing a sense of STEM self-efficacy in 
young females.  These three primary findings will be discussed in turn. 
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5.2.1.1 First Primary Finding from Study 1 – The Critical Role of Mentors, Role 
Models, and Support Systems. 
The first main finding of Study 1 is the importance of positive influencers in the capacity 
of mentors, role models, and similar peer or community systems of support for women 
in STEM.  As the most discussed topic by the participants overall, it stood out in 
importance, with every participant mentioning it multiple times (just over 100 coded 
responses in total).  This issue is a key component that relates to the research question 
regarding how to moderate the obstacles and challenges that female-identifying 
underrepresented groups can face.  Furthermore, as a result of Study 1, materials 
incorporating stories of diverse women in STEM were included in each workshop for 
Study 2.  In addition to the researcher, several diverse women in STEM were 
incorporated as volunteer assistant facilitators for each workshop in Study 2. These 
facilitators not only assisted with the administration of the workshops; by their presence 
they brought to life the importance of such diversity and inclusion as stressed by the 
participants in Study 1. 
5.2.1.2 You Can’t Be What You Can’t See. 
The underlying meanings of American astronaut Sally Ride’s often-quoted statement, 
“You can’t be what you can’t see,” (Sally Ride, 2012, para. 2) can be applied directly to 
opinions expressed by the participants of Study 1. That is, multiple participants 
remarked upon the effects that being the only woman in the room, or among dwindling 
numbers of women and other underrepresented minorities in STEM, could have 
towards feelings of belonging, awareness of biases, and having a lack of the network or 
community support for STEM.  This idea of being able to see oneself in a STEM field 
relates to formulating a STEM identity, or a construct in which one can see oneself - and 
be seen - as being competent in STEM, as possessing skills and having opportunities to 
function professionally in STEM fields, and as being recognized, both by their self and 
others, as a STEM worker (Byars-Winston & Dahlberg, 2019).  The interviewees 
emphasized the need for role models and mentors, as well as peer support, in their 
career paths, and stressed the importance of having these from as early an age as 
possible.  This finding from Study 1 supported the extant literature that has 
demonstrated the positive impact of mentorship and role models (Asgari et al., 2010; M. 
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Bruce & Bridgeland, 2014; Dasgupta, 2011), particularly on underrepresented 
populations (Anderson & Kim, 2006; Byars-Winston et al., 2015; Ensher & Murphy, 1997; 
Estrada et al., 2010; Huang, Taddese, & Walter, 2000; Lewis et al., 2016; Lisberg & 
Woods, 2018; Zambrana, et al., 2015), and specifically for women in STEM (Dennehy & 
Dasguptaa, 2017; Marx & Roman 2002; National Academies of Sciences, Engineering, 
and Medicine, 2020; Stout et al., 2011).  
 This finding also supported the need to continue the numerous STEM initiatives 
that involve aspects of mentorship or role modeling for students, particularly for 
underrepresented students such as females and people of color, in programs that are at 
various universities.  Programs in the U.S. that include mentorship are currently being 
run by organizations such as Million Women Mentors, US2020, and AmeriCorps 
(Kupersmidt et al. (2018). However, the finding in this thesis suggests that by the time 
most current programs get underway, it could be too late to accomplish all that might 
be done for younger female learners. Therefore, this finding extends the literature as it 
currently exists to underscore the importance of the early timing for these mentorship 
programs.  
 With over 100 reflections coded on the importance of mentorship and role 
modeling, all of the women interviewed described direct relationships between their 
experiences and their career paths. They spoke of the importance of having such 
experiences and role models for young female learners. In terms of informing Study 2, 
the importance of this finding shaped the researcher’s plan to provide authentic 
learning experiences for the student participants by placing them directly in contact with 
active women researchers and workers in STEM as facilitators for the workshops, and in 
particular, including women of color for the group that would have the highest 
percentage of girls of color (Camp group). The researcher also incorporated the 
reflections on role models in the giveaways provided for the participants and educators.  
These giveaways included a series of postcards and information sheets of women in 
STEM across diverse groups, from Mae Jemison (the first African-American woman to fly 
in space) and Liu Yang (the first Chinese woman in space) to Wanda Diaz (a Latina 
computer scientist who is also blind) and Katherine Johnson (a famous African-American 
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mathematician), as shown in Chapter 3, to permit additional exploration of other 
women researchers in STEM.  
5.2.1.3 Second Primary Finding from Study 1 – Engagement in STEM at a Young 
Age. 
The need for engagement in STEM at ages younger than middle school is the second 
main finding of Study 1.  Participants related numerous instances of being activated, 
encouraged, or geared towards STEM fields from a very young age (mentions were as 
early as kindergarten age), while simultaneously discussing how they knew of girls 
opting out of STEM subjects before and during middle school; many noting that they 
thought it due to societal biases and influences.  This issue is a key component that 
relates to the research question regarding the obstacles and challenges that female-
identifying underrepresented groups can face, particularly as it relates to reaching girls 
before decisions are made to avoid STEM fields.   
 This finding supports the literature to date (see e.g., Bystydzienski et al., 2015; 
Hirsch et al., 2011; Milgram, 2011; Sadler et al., 2012; Shapiro & Williams, 2012), that girls 
need to be encouraged towards STEM areas – including assisted from any perceived 
discouragement they might face, through actions of unconscious bias or more explicit 
stereotyping – well before they enter postsecondary education. In a large study by 
Microsoft (2017), 11,500 girls across 12 European countries reported that young female 
learners lose interest in STEM by age 15.  A recent meta-analysis (Miller et al., 2018) 
examined studies of children in the U.S. who were asked to draw scientists. This analysis 
indicated that kindergarten girls often drew women scientists (at 70%), but after that 
age, more of the highly-stereotyped white, male, lone genius (typically with crazy hair 
and glasses) appeared progressively with each year, with high school years drawings 
showing women scientists only 25% of the time (Miller et al., 2018). Additional literature 
has also demonstrated that intrinsic motivation in academics - or the desire to 
participate in an activity for the journey or for the challenge versus for an external 
reward or credit (Dhami, 2019) - decreases between grades three and eight (Lepper et 
al., 2005). Earlier ages, therefore, before middle grades and high school, might indeed 
be key times to reach young female learners before motivation levels change, before 
biases are heavily entrenched, and before negative stereotypes are further reinforced, 
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affecting girls’ interest levels, self-efficacy, and engagement related to formulating STEM 
identities. As a result of this finding from Study 1, the lower age limit was expanded for 
Study 2, for the workshops to include girls in upper elementary, instead of just middle 
school (ages 9-12 instead of 11-13). 
 In terms of conducting workshops in STEM with young females, much of the 
literature reviewed to date had a strong focus on middle school interventions (see Dare, 
2015; Frye et al, 2018; Kager, 2015; Levine, M. et al., 2015; Mann et al., 2014; Ogle et al., 
2017; Wang & Frye, 2019, and the following section). Educators, parents, and caretakers 
can consider beginning potential interventions at younger ages than middle school, 
while emphasizing access to authentic learning experiences, positive role models, and 
mentorship programs.  
 How young? is an important question to consider for future and broader research 
on encouraging girls’ interest and success in STEM, and one that Study 1 results can 
inform. Beyond this thesis, the recommendation to lower the ages for interventions 
could have a major impact on the numerous programs currently being targeted towards 
middle and high school girls.  This is not to say there is no value in working with those 
audiences (the researcher strongly believes there is, and the literature cited previously 
provides evidence of its efficacy) but that additional work should be considered, and 
might be a key factor for younger participants before reaching the critical middle school 
stage. This thesis, therefore, makes an important contribution to expanding what 
parents, educators, museum communities and other professionals might consider when 
developing interest, confidence, or self-efficacy in STEM topics for young female 
learners, particularly those who might be in other historically disadvantaged groups.   
5.2.1.4 Third Primary Finding from Study 1 – The Importance of Young Girls 
Believing in Themselves. 
The importance of self-efficacy, or believing in oneself and one’s abilities, for young 
female learners in STEM was a third primary finding of Study 1.  Numerous discussions 
with the interviewees related to self-efficacy ranged from confidence building and 
coping mechanisms, to dispelling the genius and myths of being perfect as necessary 
steps for building a STEM identity. These issues are being grouped under one larger 
umbrella of self-efficacy.  
 148 
 The issue of believing in oneself is also a key component that relates to the 
research question regarding the obstacles and challenges that female-identifying 
underrepresented groups can face, specifically in regard to combatting socio-cultural 
biases towards women in STEM.  Dare (2015), for example, reported that unequal 
gender balances in STEM fields such as physics are not due to differences in intrinsic 
aptitudes, but instead seem to draw partially from girls’ increasingly negative self-
assessments, among other issues as stated in Chapter 2 around cultural conditioning 
and stereotypes. Correspondingly, though there is literature showing the judgments 
associated with STEM fields are not always perceived to be a good fit with many middle 
school girls’ identities, there is also literature that such judgments can potentially be 
overcome (Kager, 2015).   It is important, therefore, to study the factors that can 
positively affect such perceptions, and at critical periods of time, to create more 
impactful interventions. Study 1 supports the literature on the importance of self-
efficacy for underrepresented group in STEM fields as further discussed in the following 
sections.  
5.2.1.5 Scientists Are Made, Not Born. 
A key finding from Study 1 related to the ideas of the STEM genius and the importance 
of emphasizing to young female learners that, “scientists are made, not born” (Burke & 
Mattis, 2007, p. 4).  This issue, as stressed by the interviewees, supports findings from 
the literature. The Scientista Foundation, a large collective of U.S. women pursuing STEM 
degrees at various high-education institutions, for example, links the concepts outlined 
by Gladwell (2008) cleverly synthesized this difference in a popular piece between 
experts and non-experts in sports, music, and other fields, with the expert being 
differentiated not by innate ability but by thousands of hours of practice (Mathews, 
2013). Furthermore literature by Ericsson et al. (2007) go into greater detail studying and 
elucidating the concept of genius being made, not born, providing evidence through 
case studies. Interestingly, one involved upsetting the notion that females had subpar 
spatial thinking, for which the case study demonstrated that three sisters became top 
ranking female chess players through a regimented education program.   
 Further aligning this result from Study 1 to STEM topics, neuroscience studies such 
as that by Minati and Sigala (2013) have shown that virtuosos in certain fields, such as 
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mathematics, can be explained by hard work and not special innate abilities (as 
demonstrated by using fMRI scans of a brain during math calculations).  The idea that 
the experientially driven, therefore, can trump perceived genetic predisposition, was a 
key concern that Study 1 participants thought needed to be brought to light for younger 
learners in STEM. Applications of how this was incorporated in the interventions are 
discussed in sections 4.2.6 and 5.3.1 for Study 2.  
 Numerous STEM-based interventions for middle school girls, as described in the 
next few paragraphs, including efforts in engineering, science topics such as chemistry, 
non-science topics such as fashion, community development, confidence building, and 
providing role models, have demonstrated some effects on issues of self-efficacy in 
STEM, seeing oneself in STEM, or at least understanding the potential career options in 
STEM.  Efforts relating concrete skills and strategies to topics that relate to participants’ 
everyday lives have been shown to improve self-efficacy in STEM by helping to overcome 
the negative perceptions of STEM fields that may emerge during early adolescence (Ogle 
et al., 2017). Hands-on activities across STEM fields have demonstrated the practical 
applications of science and how they relate to day-to-day life, while also increasing their 
interest in school subjects and careers in STEM (M. Levine et al., 2015). Engineering-
based camps have been shown to increase engagement with STEM topics and increase 
interest in attending college by including interactive lab activities to build confidence, 
and including female role models such as teachers, local STEM professionals, and high 
school girls serving as peer mentors who had previously participated in the camp (Frye 
et al., 2018). Results from Study 1 therefore, support this literature while also extending 
it in terms of shifting the age range downward to include younger females. 
 Additionally, interventions geared toward specific, proven “gender-responsive 
strategies” have been shown to be helpful for at-risk populations of middle school girls 
(Mann et al., 2014, p. 124). Creating communities of support that provide role models 
and convey care can also help vulnerable, underserved girls to develop self-confidence 
and healthy coping strategies that can benefit them as they aim to improve academically 
in middle school (Mann et al., 2014).  Specific teaching strategies have also been 
investigated to sustain and increase middle school girls’ interest as well as confidence in 
STEM topics by encouraging girls’ responsibility and challenging them within a 
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supportive environment to help inspire engagement while providing linkages between 
classroom activities and the broader world (Heaverlo et al., 2013). The findings from 
Study 1 both support and extend these results from the literature, through opening the 
door to increase notably younger females’ confidence (younger than middle school) to 
engage in STEM areas. The findings from Study 1 accomplish this through emphasizing 
role models and mentorship, particularly for additionally underrepresented populations; 
exposure towards and encouragement in careers and research topics in STEM fields; 
and stressing the learning journey that STEM workers are a part of, where STEM status 
can be earned and not awarded through circumstances of birth. 
 Finally, the importance of talking about imperfection was raised by several 
interviewees in Study 1, often intertwined with the problem of the genius stereotype 
mentioned above.  Dispelling the genius myth was seen as a potential way to combat 
the culturally prevalent idea that one must be a mental giant to flourish in STEM fields, 
something they noted could be holding back young female and particularly 
underrepresented learners. This agrees with previous findings in the literature (see e.g., 
Bian et al., 2018; Chestnut et al., 2018; Cimpian & Leslie, 2017; Leslie et al., 2015).  But 
related to this, perfectionism was referenced in the interviews, along with the issue of 
having to show up and constantly be the best so as to best represent your group.  This 
finding also supports the concepts of “fending off the stereotype” as discussed in Block 
et al. (2011, p. 575), and Klinger (1977), as well as the issue of “I’ll show you that women 
can do science” as discussed in Rice, et al. (2013, p. 291).  The latter issue, of having to 
constantly best represent a specific group, was a strong concern for those who 
identified with other underrepresented groups, and also aligned with higher stress 
levels they experienced. This was an issue previously noted in Rice et al. (2015).  
 Using the findings from Study 1 with regard to genius and perfectionism to help 
address these assumptions and stereotypes in STEM, the researcher incorporated 
stories of failure from her own work, such as failing a genetics class and talking about 
3D prints that did not work out, and also noted her personal struggles in the summary 
discussion at the end of the 3D workshops.  This tactic seemed to help raise excellent 
questions during the open question and answer session at the end of the workshops.  It 
should be noted however, that in the private school location, one of the head teachers 
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when thanking the researcher at the conclusion of the wrap-up session, referred to her 
as being overly “humble” and “sweet.” This, though kindly meant, had followed the 
researcher’s discussion of failure, and could perhaps have tainted the point of the 
discussion on struggle. This type of misplaced response helps to both exemplify 
responses to women in STEM and has the potential to undermine some of the efforts in 
working to breakdown stereotypes in STEM.  
5.2.1.6 Secondary Findings from Study 1.  
Besides the primary findings from Study 1, another point emphasized in some 
participant interviews regarded barriers for differently-abled learners. Interviewees gave 
strong recommendations to ensure STEM materials and outputs or formats were 
created with accessibility in mind, and for aiming to work with all learners when 
possible, not just creating special materials for a special event of differently-abled 
learners.  This concern aligned well to one of the areas of interest of the researcher 
herself, and materials were chosen that had multiple methods of accessibility. For 
example, audio tracks and captioning were provided in the virtual reality applications, 
tactile 3D prints of data sets were produced, audio and text transcripts of all videos used 
in the modules were incorporated, images were appropriately tagged for screen 
readers, and all digital files (PDFs) were coded to U.S. accessibility standards.   
 This suggestion and approach aligns with the literature on Universal Design  (UD) – 
a set of principles for designing materials that can be used by everyone (Luna, n.d.) – 
methodologies, as outlined in the literature, as well as more general literature on 
inclusivity and accessibility, particularly for STEM students, and the applicability for UD 
on improving learning outcomes for all students (see, e.g., Basham & Marino, 2013; Izzo 
& Bauer, 2015; Ralabate, 2011; Schreffler et al., 2019; Tharp et al., 2012). An important 
take away of this issue for teachers, other education related professionals, and parents 
or caretakers is that if a student with different needs, one who is blind or visually 
impaired or had cognitive differences, for example, were participating in activities - 
particularly if unexpectedly - facilitators following UD would be prepared and have 
materials suitable to the student’s learning needs. 
 Furthermore, another secondary finding from Study 1 concerned women who 
identified with additional underserved communities besides gender intimating a 
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hierarchy of burden. This was expressed such that race, ethnicity, or disability, for 
example, could outweigh gender as far as amount of biases and stereotypes that must 
be fought in STEM fields.  The concerns of being a person with a disability in STEM, a 
person of color in STEM, or a person who is transgender in STEM (though note that the 
one transgender woman in the study transitioned later in life, after having an 
established career as a male, so the conversation with her often focused more heavily 
on her position as a non-PhD functioning in a STEM research environment of PhD 
scientists), could weigh heavier than those who identified as white, able-bodied, cishet 
females.  
 This study does not claim to show that there is a hierarchy of oppression; rather 
that the participants of this study noted certain identities could cost more for them in 
terms of needing to overcome cultural biases and stereotypes, and handling additional 
pressures related to their workload, as described in the next paragraph. This is an 
important cultural challenge to consider for female-identifying groups in STEM overall, 
and awareness of such could perhaps have implications as to how interventions are 
designed and conducted with such underrepresented female learners in the future.  
 Related to this finding is the cognitive load some participants mentioned of being 
“other” (in other terms, an “outsider within” (Rios & Stewart, 2014, p. 295), in their field, 
workplace, or career: that they were often expected to help inform, educate or sway 
others who are not marginalized, that they felt pressure to be the best for their 
underrepresented group and could not fail (relating back to the perfectionism discussed 
in the previous section), or that they were often placed in positions of having to do more 
or work harder to represent their underserved community because of expectations 
being placed upon them, for example, being asked to serve on more committees or 
provide talks on diversity, or serve more often as mentors.  These types of “performance 
pressures” (Settles, 2014, para. 3) and burdens have been noted for women in STEM 
more broadly, so it is to be understood that this pressure and burden could greatly 
increase if the person also identifies with another marginalized group. It is useful to take 
such issues into consideration when working with any underrepresented communities 
in STEM.  This finding agrees with and further helps support the literature (see e.g., 
Charles et al., 2009; Davidson, 2007; Figueroa & Hurtado, 2013; Poirier et al., 2009; 
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Prescod-Weinstein, 2019; Rios & Stewart, 2014).  It is important to take into 
consideration such obstacles and challenges that underrepresented female groups face 
in STEM, and when working with such populations, to develop interventions, evaluation 
instruments, and materials with those considerations in mind.  As discussed in Chapter 
2, such identities in various groups cannot be separated out from the individuals 
(Crenshaw, 1991), and should be considered as a whole to inform the intervention 
design as well as the targeted outcomes.  This issue of identities was taken into 
consideration in designing Study 2, for example, in the inclusion of diverse women as 
facilitators and in materials showcasing role models.     
 Study 1 results also broadly agreed that recruitment for girls in STEM is only one 
side of the coin.  Completing higher-education in STEM topics, therefore, is seen as just 
half of the marathon, if once one gets into the STEM-based career, the environment one 
must then function in is poor for women in STEM.  Historically, women in STEM have, as 
noted in Chapter 3, received less support and recognition throughout their careers 
(Broderickn & Casadevall, 2019; Dutt et al., 2016; Freund et al., 2016; Moss-Racusin et al., 
2012; Nittrouer et al., 2018; Sege et al., 2015). Parity has certainly not been reached for 
women in STEM careers, whether considering numerical representation, income levels, 
or seniority as compared to men in similar STEM fields and stages, and most particularly 
for women of color (Holman et al., 2018; Landivar, 2013; Moss-Racusin et al., 2012; 
National Science Foundation, 2018; Shen, 2013).  Though beyond the scope of 
implementation for Study 2, this issue was an additional finding from Study 1 that 
supports the extant literature on issues of retention for women in STEM and further 
reflects on the notable challenges and obstacles that female-identifying groups in STEM 
face.  
5.2.1.7 Summary and Significance of Study 1. 
As noted, Study 1 was largely developed to help fill a void around a lack of research on 
how personal recollections of diverse women in STEM could be applicable to the 
development of interventions with underrepresented young female learners to 
encourage engagement with STEM areas. Using the results of Study 1 to directly inform 
the design of Study 2, therefore, contributed to the literature both by reporting on the 
recollections of the women in STEM and also, more importantly for this thesis, by 
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shaping the design of Study 2 in terms of targeted age groups, materials included, how 
dialogue was conducted, and consideration regarding issues of accessibility.   
 In summary, three main findings resulted from Study 1 that expand and support 
the extant literature. These were: (a) bringing awareness to the crucial nature of 
mentorship and support systems for underrepresented groups in STEM; (b) the critical 
role of building self-efficacy and awareness around issues as related to STEM careers, 
including breaking down common stereotypes of “the genius” or being perfect; and (c) 
helping underrepresented learners create STEM identities or view STEM as an 
interesting and viable pathway when younger than middle school age, before many start 
to be discouraged or otherwise feel the need to opt-out. That these diverse women in 
STEM with successful careers across career stages considered it important to reach 
beyond high school and middle school age girls to elementary school age girls is an 
important message that extends the literature found to date and perhaps holds the key 
to successfully changing the current culture for these young learners to ensure that 
opportunities in STEM fields remain in their sights.  
Other findings from Study 1 that supported the literature included: (a) women who 
identified with additional underserved communities besides gender currently worked 
under additional performance pressures, and existed as an outsider-within in the STEM 
community; (b) approaching the creation and dissemination of STEM materials with a 
UD methodology can benefit all learners, in any situation and can help participants who 
are differently-abled feel less “other;” and (c) for women and girls in STEM, recruitment 
is only one side of the coin, with retention being the other side, wherein policy issues to 
effect change in the STEM culture must not be neglected in favor of trying to just push 
more through the broken, leaky, or otherwise defective pipeline.  
 The main findings from Study 1 are significant for several reasons. As the 
interviewees noted, there is work to be done to help negate cultural and other biases 
and encourage young female learners to continue to move towards and within STEM 
related pathways, as well as help them thrive in, and throughout, those pathways.  
Providing role models and mentorship is of critical importance. Reaching out to girls 
when they are young, in middle school but also younger, could be an important way to 
broaden many current interventions to help set young females on a STEM pathway and 
 155 
give them tools for potential success.  Helping to combat stereotypes and biases for 
such underserved groups in STEM, including discussing the genius and the perfectionist 
fallacies, recognizing the burdens and pressures on additionally underrepresented 
groups, and providing materials that are universally accessible, is also important to build 
confidence, self-efficacy and self-identities in STEM.  
 Finally, it is important, as stated in Chapter 2, that this study, and indeed, this 
thesis, is not about “fixing young females” but rather should be viewed as helping 
identify how the STEM community can assist underserved populations in overcoming 
negative implicit or explicit biases and discouragements, building confidence and self-
envisioning in STEM, and further developing or acquiring the skills needed for STEM 
topics that might be overlooked or delayed due to cultural conditioning and 
stereotyping.  
5.2.1.8 Limitations. 
As with any research, there were limitations to this study. The limitations for Study 1 
were the small sample size (n = 11) and that the distribution of participants came from a 
convenience sample who agreed to volunteer for participation from within the 
researcher’s own larger professional network within the U.S.  That meant the sample 
chosen was comprised of primarily space-related scientists and researchers, mostly in 
their 30s and 40s, many in a mid-career stage. Any researcher biases resulting from 
being in a similar demographic might have been overlooked in the analysis of the 
interviewees’ responses. Also, the method of individual interviews might have been a 
limitation in terms of what might have been discussed or emphasized had the interviews 
been conducted in a focus group. 
5.2.1.9 Practical Considerations and Recommendations. 
To improve the potential results in future applications, the researcher recommends 
repeating the interview with a different, larger sample size, spread geographically in 
locations beyond the U.S., and spread further across career trajectory with a better 
balance of early career and advanced career women.  The benefits of adding more 
participants would be to gain more information, viewpoints, and perspectives that could 
be analyzed and applied.   
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 Researchers might consider conducting in-person focus groups in which the 
participants could compare and contrast their thoughts in a dynamic and responsive 
environment.  Such settings, where participants can listen to others and expand their 
own responses based on feedback and inputs, might uncover additional experiences, 
perspectives, and potential approaches for future studies.  Additionally, expanding such 
studies to obtain the viewpoint of participants who are non-binary, as well as males in 
STEM, either in single-sex groups and/or in mixed groups, would be ideal for expanding 
this research. This thesis focused on women in STEM, but it is important to consider and 
include perspectives and concerns from other marginalized groups - particularly people 
who are non-binary, for whom there is not much research in this area to date, but who 
can report higher levels of discomfort as well as harassing behavior aimed at them in 
their STEM jobs (Gibney, 2019).   
 Adding a cohort of male professionals in STEM to future studies who might be 
working through unconscious biases or stereotypes, and who might also be potential 
allies to help support issues facing young women in STEM, could help further inform 
future work.  Male STEM researchers who are in a majority racial or ethnic group may 
contribute insight from what can be thought of as a position of privilege (Etchells et al., 
2017), and as such could help strategically leverage that potential advantage as an ally 
(O'Donnell, 2019) for issues outside of their own experiences. It is also important to 
capture future data around males of color in STEM who are in marginalized groups 
themselves.  Males who are Black or Hispanic in STEM in the U.S., for example, are 
underrepresented and report facing discrimination in the work force (Funk & Parker, 
2018).  Recent reports have shown that the representation of African Americans in 
topics like physics and astronomy can be improved through supportive environments, 
both culturally and financially (American Institute of Physics, 2020).  Further 
developments of this research could consider other such underrepresented 
populations.  
 In summary, although Study 1 was a small-scale and exploratory qualitative study, 
the results were important in their own right, and could potentially be built upon, 
including for other underrepresented groups, through future research and expanded 
qualitative studies. 
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 Study 2 
In investigating the research question for Study 2, the primary finding was that 
disadvantaged groups experienced significant gains in STEM interest and confidence 
from the 3D workshops, while the results for the more privileged group remained 
relatively constant.  A second important finding was that a single session under 6 hours 
of intervention tasks involving 3D spatial and related hands-on activities in STEM was 
not enough to have a positive impact on spatial reasoning skills for this sample.   A third 
finding was that to determine whether early interest in STEM has been engendered, 
choosing cognitively appropriate measures that are sensitive to inequalities is essential 
when working with younger and underserved populations in STEM. These major 
findings, as well as additional minor findings, are discussed in the following sections. 
5.2.2.1 First Primary Finding from Study 2 – Significant Growth in STEM Inventory 
for Disadvantaged Groups.  
As reported in the previous chapter, the mean pre post scores for the STEM inventory 
showed that the Private School participants did not exhibit much change from the pre- 
to post evaluations, but the Scout and Camp groups did, with a statistically significant 
increase of almost 20 points for the Scout Group and 25 points for the Camp Group 
participants.  It might seem counterintuitive at first to find that the more privileged 
audience remained relatively stable in their STEM inventory total scores, especially given 
that the participants’ behavior and observed and recorded comments during and after 
the 3D workshops were highly positive. However, it is useful here to note that the 
private school is a leader in STEAM (adding an A to STEM for art and design, or creativity 
and critical thought (Fogarty & Arcand, 2020)) learning, with a very well-equipped facility 
with 3D printers, robotics and coding programs, and an excellent staff-to-learner ratio.  
As such, these participants attended a resource-rich private school, and there 
STEAM/learning exposure levels were high, while many, though not all, participants 
provided zip codes of often wealthier communities, in general.  This group of 
participants came in to the workshops strong in STEM interest, and left just as strong. 
For this group, the workshops may have been more about reinforcing and providing 
practical examples of STEM topics, STEM careers, STEM role models, etc., rather than 
being novel or even revelatory regarding pathways STEM could provide for them. 
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 The significant positive growth for the Camp group firstly, and Scout group 
secondly, in the STEM inventory, however, gets to the core of the research question.  
The Camp group overall was the most socio-economically disadvantaged group of the 
three audience samples, as determined by the participants’ home zip codes deriving 
from typically low-earning income areas. The participants in the program are considered 
potentially at-risk youth. Besides signing up for the overall summer camp program and 
agreeing to attend the specific STEM 3D workshop, Camp participants had less individual 
agency in selecting a day-long STEM activity, as the Camp program directors selected the 
summer itinerary.  This group, however, exhibited the most growth in the STEM 
inventory overall.    As such, it is an example of the potential benefits of even short term 
(single day) STEM engagement on STEM interest for less socio-economically advantaged 
groups, and perhaps provides additional evidence regarding reaching groups who are 
not necessarily self-selecting for STEM activities already.   
 Next in STEM inventory improvement, the Scout group had more variable 
individual agency than the Camp group, in that some students selected to attend the 
workshop by themselves while others came as part of their chapter’s decision to attend.  
Overall, the Scout group participants came from mostly and generally middle-class 
income zip code districts, and was less diverse than either of the other workshop 
groups.  Being members of an out-of-school group likely provided these participants 
with access to external enrichment programs, but still this half-day, night time program 
saw a quantifiable effect on the growth of their STEM interests.   
5.2.2.2 Second Primary Finding from Study 2 – Lack of Impact of Spatial Reasoning 
Skills. 
Although it was hoped that the 3D data manipulation activities in Study 2 would yield 
improvement in spatial reasoning skills from the pre to post groups, ultimately perhaps 
it was not surprising to see no statistical improvement in the spatial reasoning 
evaluation.  Current literature was not clear on the minimal baseline of interventions 
required to effect positive change in spatial reasoning skills, and specifically not for this 
age, gender, and schooling level, although research with older learners tended toward 
multiple steps of interventions spread over time (see e.g., Contero et al., 2006; 
Dominguez et al., 2012; Feng et al., 2007; Martín-Gutierrez et al., 2013; Rafi et al., 2005; 
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Wright et al., 2008).  The literature, therefore, lacks a baseline for understanding spatial 
reasoning intervention impacts, particularly for the age and gender groups that 
participated in this study. 
 This thesis, then, adds to the overall literature on spatial skills improvement for 
young female learners, that single, relatively short interventions (6 hours or less) with 
spatial skills related activities are likely not enough to effect demonstrably positive 
change. However, the researcher noted that effective spatial skills testing instruments 
for such demographic groups must be greatly reconsidered in approach and 
methodology before reaching any conclusions in this area, as discussed in detail in 
following sections.   
 It was, however, surprising to see a decrease in the spatial reasoning skills 
between pre- and post statuses, particularly as STEM interest went up as a whole in 
Study 2.  It is possible that the participants were suffering from frustration with the 
spatial instrument used (see the next subsections critiquing the evaluation instruments 
chosen), test fatigue or more broad fatigue from hours of STEM work in a space beyond 
their more typical daily schedule, or, in the case of the Scouts group, from a late activity 
after a school day and with the disruption of some classmates leaving early due to poor 
weather.  STEM education program evaluation fatigue has been remarked upon 
generally in U.S. projects (Malyn-Smith et al., 2013). Another more specific study on 
cognitive fatigue during administration of standardized tests showed that, in Danish 
public schools as the school day progresses, test scores tended to lower each hour by 
0.9 of a standard deviation (Sievertsen et al., 2016).  Such results might help explain why 
there was a decrease in spatial skills demonstrated even during the short Scout event, 
which was conducted in the evening, ending at 8:00 p.m., and with the younger students 
(ages 9 and 10). 
 It is important, therefore, to reflect on the methodology at this point.  There was a 
disparity, and difficulty in completion, the survey instruments across the three groups, 
with the workshops for the Camp and Scout groups having the most difficulty. The 
spatial task was the more challenging for this age group as a whole, and the STEM 
inventory instrument also presented some difficulties for the students.  Minor 
interventions were required for the participants to be able to complete the pre- and 
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post-evaluations. Future research might be improved by the development of evaluations 
that are more appropriate for this age group and skill set.   This is discussed in the next 
section.  
5.2.2.3 Third Primary Finding from Study 2 – The Importance of Appropriate 
Instruments for Specific Demographics. 
5.2.2.3.1 Spatial Skills Instrument. 
As mentioned in Chapter 4, the researcher found it necessary to talk through an 
example of the mental rotation exercise – not one included on the handout – to the 
participants, often with much confusion around it even with the demonstration. The 
researcher and assistant facilitators needed to go around and repeat directions for the 
evaluation for all groups, but needed to provide noticeably more assistance for the 
Camp group, followed by slightly less assistance for the Scout group, followed by the 
least amount for the Private School (though reiterating here that all groups needed 
assistance).   
 It seemed to the researcher that the participants went into the first spatial exercise 
on the instrument with more confidence after the initial demonstration, but then 
continued to struggle progressively as the evaluation went on. The researcher noted 
frustration and fatigue with the spatial skills instrument, with some participants even 
giving up before achieving completion, particularly in the Camp and Scout groups. Even 
after the researcher had already reduced the folding exercise to five questions instead 
of the original 10 after initial informal formative assessments, it still proved to be very 
challenging for this age group.   It would be useful to compare this type of data from 
these participants with similarly aged groups across different demographics, including 
of other genders (male and non-binary).   
 As noted in Chapter 2, males often outperform females in spatial skills testing such 
as in mental rotation tests (Moè, 2009).  Research from Moè (2009) and Moè and 
Pazzaglia (2010), however, demonstrated that improvements could be made on mental 
rotation testing for female and male participants (n = 152, aged 15 - 22) with attitude-
based interventions. Overall, for female performance, providing positive information on 
gender before testing (e.g., telling subjects women tend to outperform men) led to 
improved test results, whereas for males, discussion of task difficulty before testing led 
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to improved results (Moè, 2009).  A second study (n = 120, mean age 17.02), further 
suggested that discussions of effort involved (“anyone can succeed in this task by 
putting in effort”) can help affect positive achievement, improving performance, in 
mental rotation tests (Moè & Pazzaglia, 2010, p.464).  The research suggested, then, that 
female improvement in spatial skills testing could be directed through targeted 
encouragement leading to increased self-efficacy. This technique could potentially be 
applied to future spatial instrument assessments to see if it expands results beyond 
mental rotation testing, to again, help better capture the crucial data necessary for 
investigating spatial reasoning skills in young female-identifying populations, and 
particularly those that identify with other groups.  
5.2.2.3.2 STEM Inventory Instrument. 
The STEM inventory instrument was also problematic during the study.  In each of the 
workshops, the visual boxing of the STEM inventory questions by topic (science, 
technology, etc.) led many of the younger participants to believe they only needed to 
select one condition per topic.  Others were confused by the switching of the sides for 
the positive and negative terms. While this is done purposefully to discourage automatic 
fill-ins without consideration, it was slightly more challenging for the age group in this 
study.  The researcher and assistant facilitators needed to re-explain and clarify the 
directions multiple times, asking participants to complete the rest of the questions in 
each topical box.   Overall, though, this instrument was not as problematic as the spatial 
skills instrument discussed previously.  
 The Camp group had the most difficulty understanding how to complete both the 
spatial and inventory instruments, with the Scout group coming in next after that. These 
two groups needed more assistance and reminders to fill out the whole sheet for the 
inventory, instead of completing just one row, for example. The Private School 
participants, however, tended to socialize their spatial instruments, and to some minor 
extent their STEM inventories as well – unprompted by the researcher – seemingly trying 
as a collective not to leave fellow students behind. In all of the workshops, the 
participants were divided among multiple round tables throughout the room, with each 
table hosting about four or five girls. For the Private School groups, if one of the girls 
seemed to be struggling at any given table, whether through some combination of 
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noticeable sighs, clicking of pen, resting head on hand, or vocalizing frustration or 
confusion, the participant would either talk to her fellow table-mates or one of them 
might proactively reach out to her and help explain what the folding exercise was about.  
This could, perhaps, be partly due to the type of community learning that emphasizes 
responsibility, stewardship, and similar qualities that the Private School stresses for its 
students and might provide an example of how supportive environments can benefit 
young female learners in STEM learning.  
 The observed issues support the literature that argues for “culturally and 
contextually responsive” instruments in STEM interventions, and particularly those that 
target underrepresented audiences in STEM (Malyn-Smith et al., 2013, p.2).  
Understanding the needs of the specific demographic groups being evaluated, and 
being sensitive to the perspectives and experiences they may have, should be 
considered during instrument development, but also during instrument deployment 
where a real-time, flexible response could be practiced to guide the evaluation process 
(Malyn-Smith et al., 2013; National Academies of Sciences, Engineering, and Medicine, 
2018; University of Birmingham, 2020).   As noted earlier, cognitive fatigue could have 
been a factor in post-evaluation performance. It is also possible that the instruments 
resembled “high-stakes testing” during formal education, which can be stressful to 
learners (Malyn-Smith et al., 2013, p.2). Less frustrating and obtrusive instruments might 
be better situated for collecting such data for informal STEM engagements (Allen & 
Peterman, 2019), and particularly for the younger female-identifying learners that this 
thesis targeted.  This result also extends the literature of current assessment 
instruments, however, helping to show that additional research is required to refine 
existing instruments or develop more learner-specific methodologies that could better 
capture spatial reasoning skill data or STEM interest data for younger female learners 
(ages 9-12) and particularly for socio-economically disadvantaged group subsets within 
that demographic, who might otherwise experience frustration with existing 
instruments. In sum, the findings from this thesis highlight the importance of using or 
creating age appropriate, and level of learning appropriate ways to be able to evaluate 
progress.   
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5.2.2.3.3 Demographics Questions. 
There were minor issues with the demographics questionnaire.  Some of the youngest 
students were unsure what their zip code was; they were advised to skip the question.  
A couple of the participants were unsure what the question on identifying gender 
meant, and that was clarified by the facilitators who were helping out.   
 A much more common question that arose from the participants, particularly in 
the workshop within the Private School, was that they wanted to know what qualified as 
a video game.  The participants asking the question at first did not seem to consider 
phone-based games as video games, as compared to console-based games like those on 
an X-box. For example, the researcher was asked multiple times if Candy Crush “counted 
as a video game.”  There seemed to be some sort of preconceived notion that just 
“serious” games would be considered, such as Halo, Fortnite, or even Minecraft.  In 
conversations, the girls did not seem to think that the “fun apps,” as one of them called 
them (such as Candy Crush, Tetris-like apps, Two Dots, and other more graphical games 
or puzzle-based games), and which many of them play periodically throughout the day, 
counted as proper video games. This raises a question about the language used in such 
inventories to investigate a (seemingly-simple) question on video game usage, and how 
understanding of the question evolves over time between generations. 
 Additionally, as there are strong male participant percentages, as well as masculine 
stereotypes, around the gaming community, and there have been numerous gender-
based difficulties with gamer identities noted in the literature ( see e.g., Cassell & 
Jenkins, 2000; Hefflinger, 2008; Kafai,  Heeter, Denner, Sun, 2008; Royse et al., 2007; 
Shaw, 2012; Williams et al., 2009), and in the media (see e.g., “gamergate” in Penny, 
2019, Warzel, 2019), this is a potential point for future research around possible 
relationships between gamer, gender, and STEM identities. In hindsight, the researcher 
should have addressed the issue specific to the video game question on the 
demographics survey by adding an open field asking what games the students play, not 
just hours, and by providing examples of games and apps. This might have captured 
better data on this topic. This is recommended for future research. 
 Beyond the problems with the instruments, there were a few other external issues 
with the time of year for the first workshop.  As described, due to snowy weather 
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conditions, some of the Camp group had to leave early, which may also have disrupted 
the remaining students.  In addition, there were two different lengths of time for full day 
workshops versus the short workshop, which might have brought some inconsistency to 
the data. However, the participants in the shorter workshop demonstrated similar levels 
of increase in the STEM inventory. As such, it is not clear whether the extra time 
provided in the full day events is always necessary.  
5.2.2.4 Secondary Findings from Study 2.  
As noted in the results chapter, there was a significant positive correlation between 
perception of STEM knowledge and total career score in STEM inventory. This 
correlation suggests support for the literature regarding self-efficacy and interests in 
middle school populations (see, e.g., Blotnicky et al., 2018; Fouad, & Smith, 1996; 
Simpkins et al., 2006), and also was reflected in comments from participants in Study 1 
regarding their self-efficacy (e.g., “You have to really kind of prove yourself, like I'm here, 
I'm here because I'm good. Physics was hard but what appealed to me about physics 
was that I could finally apply this math [that] seems so abstract . . . . And so when I 
started to see the physical applications of the physics and how you can you know do 
rotations of velocity and all of these different things you can learn with physics and then 
how it applies to astronomy like it was a big thing” (Astronomer); “I'm not saying I'm the 
smartest person in the room always but I also feel like I belong in the room and I can 
make it work with the smartest people.” (Science Writer). However, it is important to 
remember that correlational findings do not imply causation. As such, although for this 
sample as girls’ perceptions of their STEM knowledge increased, there was a tendency 
for their career aspirations also to increase. An alternative explanation for this result is 
that perhaps young female learners are drawn towards areas of perceived strength or 
self-efficacy.  
 Positive attitudes by students towards VR technologies in education has been 
established for some time (see Mikropoulos et al., 1998). Mantovani (2001) noted the 
potential for learners’ visualization, making concrete what might seem abstract through 
other methods of display or interactions, and important for learning that which cannot 
be easily experienced in the real world.  Additionally, as described in the literature, VR 
has the potential to offer avenues of adaptation, collaboration, and evaluation 
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(Mantovani, 2001). 3D visualization, therefore, is understood to be an immersive 
environment that can help solve the “problem of looking at two-dimensional images and 
requiring students to understand relationships three-dimensionally” (Bengfort, 2020, 
para. 12).  In the case of the workshops presented in this thesis, traditional, or physical, 
and computer-based, or 3D, materials for data manipulation were combined so they 
could work “in concert” (Paranandi, 2002, p. 333) to enrich the learning process and 
build up to the direct 3D modeling and VR application work, which capped off the final 
third of the workshops.  The observed highly positive response to the 3D/VR segment of 
Study 2, therefore, aligns with the literature that supports the use of VR as an 
educational tool (see e.g., Chen, 2006; Pantelidis, 2009), and simultaneously recognizes 
that much deeper research is required to identify and understand the models and 
techniques used. Findings from this research suggest that these techniques need to be 
examined and adapted to facilitate assessment of evaluative methods specific to 
younger age groups.  
 The results from Study 2 may also support the literature that VR applications that 
provide immersive experiences for meaning-making can lead to increased motivation 
and engagement levels in students (Pantelidis, 1995, 2009; Winn, 1993). In observing the 
participants in Study 2, engagement levels notably increased during the 3D and VR parts 
of the workshops, and particularly the VR. The most positively remarked upon part of 
the workshops involved the 3D and VR activities, as well. In these activities, the 
participants were tasked with manipulating, working with, and generally “playing” with 
NASA 3D models of exploded stars.  The number of content-related participant 
questions (versus how-to or logistical questions) asked during these segments were 
dramatically higher in each of the three workshops, and the complexity of questions 
increased greatly from those with regard the other activities. The energy or physical 
activity levels as well as volume levels went up most during the VR segment, as 
participants could not be passive learners and needed to engage physically. In each 
workshop participants asked, over multiple instances, for more time with the VR 
applications. Though this result was observational and not quantified in this study, 
based on this, future programs that involve interactions with middle school girls might 
want to include more 3D and VR- or AR- or XR- related materials, aligning to current 
safety standards of a maximum of 15 minutes of VR with 10 minutes of rest afterwards 
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(Hicks, 2018). The benefit of having multiple students sharing devices in such workshops 
provides a natural time span in groups of these sizes.   The results from Study 2, 
therefore, provide observational evidence that the 3D and VR applications were 
particularly motivating for the participants, supporting the existing literature on this 
topic and extending it to the age groups in the study.   
 Future research might closely investigate what works and what does not with 
these types of VR environments for similar audiences.  Future targeted programs could 
consider including more of the type of direct-from-the-science visualizations that were 
used in the program, which are well suited to VR/AR/MR (combined as XR or “extended 
reality”) environments, in that it is not as limiting to scale and dimension of the data 
sets. User experiences are not boxed in by the size of the laptop or phone screen, but 
instead are able to experience the data in less restrained ways (see Pantelidis, 1995, 
2009).   It is also useful to note that VR, and by extension XR, enables a learner-paced 
experience, and can be particularly helpful for students who are differently-abled. This 
supports findings reported by Pantelidis (1995, 2009), and also aligns with the outcome 
from Study 1 that emphasized the importance of accessible materials universally 
designed for all learners.  
 Study 2 helped show the effectiveness of starting young for developing STEM 
interest.  Creating hands-on activities, through a combination of digital and “real world” 
programs, was beneficial for this audience and their resulting STEM interest levels.   A 
few months after the third workshop, for example, when the researcher was speaking 
about her observatory with the Private School’s parent association, multiple parents 
approached the researcher to speak of their daughter’s positive experiences in the 
workshops, with one stating, “My daughter said this was the best program she had ever 
done at school.” Comments like these, expressed anecdotally to the researcher, helped 
demonstrate that the program, including the data manipulations they were able to do, 
was something the participants seemed to feel that no one else had access to, that they 
were special participants getting a unique behind-the-scenes look at the actual research 
being done today. This might have contributed to their lasting enthusiasm. 
 Additional observational recordings from the workshops demonstrated a 
particularly high engagement level from the Camp group.  From the students who 
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remarked how they “didn’t know” about something to the demonstrative statements on 
the material affecting what they wanted to be when they grew up, to the heartfelt 
comments directed at the researcher personally, the attitude was very high and the 
energy very motivating.  Similar positive comments were recorded at the other two 
workshops, but the students at the Camp event were either more energized or 
motivated, or perhaps more outgoing in vocalizing those comments directly to the 
researcher.  
5.2.2.5 Limitations. 
For Study 2, the researcher acknowledges specific limitations related to choices made 
about the study design, including access to only a small portion of the total U.S. 
geographic area, and a moderate sized database of only 100 participants in a limited age 
range.  Additional limitations of the research include total exposure time, that is, the 
workshops being single-day events instead of multiple sessions across longer intervals 
of time.  The researcher further acknowledges the unexpected limitations identified 
previously, regarding issues with a weather hazard for the first workshop group, and 
with the frustration around the test instruments across the workshop groups. This 
research also should not be generalized to different underserved populations, such as 
those with specific physical disabilities, or other underserved groups not included in the 
research population of this thesis.   That there was only one large group of socio-
economically underserved female learners in the sample is a clear limitation. 
Additionally, that there was not a population of male learners to compare results 
between is another limitation of the study.   
Practical Considerations, Recommendations and Future Directions 
The overarching recommendation from this research is that interventions to engage 
young females with STEM topics need to begin early, and can be particularly effective for 
underserved groups. For privileged groups who have excellent access to resources 
already, the issue might be less about changing attitudes or opening opportunities, and 
more about providing challenges beyond those already available, or helping them to 
visualize themselves more clearly within those STEM pathways.  For other groups 
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without such access and advantage, and for whom there is some interest and potential, 
there is great potential for improving STEM engagement. 
 More, therefore, needs to be done in engaging young females in STEM areas, 
especially for the girls who are not positioned at the higher end of the spectrum of 
privilege.  Similar STEM interventions as these, particularly when they are available to 
young female learners in upper elementary and middle school, are needed. These 
interventions should include access to mentors or role models, access to authentic, 
hands-on experiences, access to universally designed materials, and other activities as 
described in this thesis, and as might be expanded upon through further research. 
Future studies could consider a greater, more explicit comparison between the short 
duration and longer duration workshops, and consider comparisons with young male 
learners.    
 If Study 2 were replicated with a different sample, there are a few 
recommendations to consider.  One possibility would be to consider conducting it with 
smaller groups across a larger total quantity of participants and across multiple sessions 
(increasing exposure times), as well as across a larger geographic distribution.  
Additionally, specifically targeting different underserved populations, such as female 
learners who are blind or visually impaired or who have different cognitive abilities, 
would be useful to expand the research. More facilitators for larger groups could be 
beneficial, for both assistance with instruments and activities, but also for more direct or 
one-on-one experience with women researchers and workers in STEM. And, as noted, 
more age-appropriate and potentially “embedded assessments” (Allen & Peterman, 
2019, p.24) for the pre-post evaluations, that are more consistent with the overall 
activities, and less test-like may help. Greater consideration should be taken to research 
how to reduce possible cognitive fatigue, perhaps through different, shorter 
instruments, simpler or more engaging instruments, moving any post evaluation slightly 
earlier in the sessions, taking more breaks with snacks before evaluations, and/or 
starting events earlier in the day when possible.  Additionally, the researcher suggests 
adding specific questions to target collecting quantifiable data on learning gains, 
engagement, and motivation levels of the learners.   
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 Additionally, there are other areas where potential progress might be made in order to 
help positively influence STEM efficacy in less advantaged learners outside of such 
interventions, or in concert with them.  For example, empirical studies on guidance 
counseling programs have demonstrated the effectiveness of such programs on improving 
student self-efficacy and helping inform decision making towards higher education and 
career paths, notably for underserved populations (Falco, 2016). These have been shown to 
be particularly valuable when guidance counselors are not overburdened with caseloads or 
in greatly underfunded situations (see e.g., Berger, 2013; A. M. Bruce, et al., 2012; Cholewa, 
Burkhardt, Hull, 2015; Bryan et al., 2011; Davis et al., 2013; Goodman-Scott, 2013; Goodman-
Scott et al., 2018; Lapan et al., 2012; Leon et al., 2011; Salina, et al., 2013; Wilkerson et al., 
2013).  Working with schools and guidance counselors to develop interventions might assist 
the counselors while potentially reaching and impacting more students. School guidance 
counselors could potentially help fill a gap in the community support system towards STEM 
careers (Byars-Winston, 2014), which was also shown to be a priority in Study 1, and is a 
notable need for underrepresented groups. Such potential impact might be especially true if 
offered beginning at a young age, so students have a sense of direction in STEM before 
seeking educational or career advice in their teen years. 
 In considering similar research, using a longitudinal design, with workshops or 
other related programmatic events conducted at intervals over the course of a school 
year, or potentially over a summer break, could demonstrate what happens to both 
interests and spatial skills over time.  Participating schools and government agencies or 
NGOs, however, would need to be lobbied to direct such effort and money to undertake 
such a longitudinal study.  
 Though the researcher had carefully considered the instruments and done brief 
formative testing with them, in practice the instruments were less successful than was 
anticipated with this demographic. Testing the instruments on their own, and not in a 
setting where the participants were excited about the activities to come or possibly 
experiencing fatigue, might have contributed to the researcher not anticipating the 
challenges the instruments would present. It is feasible that the difficulties posed by 
such evaluations can be reduced with different instruments, perhaps created with both 
the participants’ needs combined with the workshop activities in mind. One major 
recommendation, therefore, is to develop more targeted evaluations for similar groups 
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of young underserved female populations.  For example, the origami exercise used in 
the workshop was responded to positively by many students during the sessions.  It is 
possible then that the activity itself could be turned into a spatial skills assessment with 
written observations by the researcher and a pre-post evaluation.  Such a folding 
exercise done “in the real world” using their hands, versus exclusively on paper with 
mental rotation skills, would require participants to engage in folding, but using skills 
that are kinesthetic and directly related to the workshop activities.  In is acknowledged 
that although such a technique might be different from the mental rotation task used in 
the workshops, it might be more engaging for this targeted age group, and perhaps 
more informative, versus the instrument used in the workshops. 
 For example, providing a set of instructions for participants to independently fold a 
star or a fish, or other object, where participants have to engage spatially, might provide 
a better evaluation of their spatial skills while being enjoyable and feeling less like a test.  
Devising the pre-post scenario with such an instrument would then include asking 
participants questions such as: have they done origami previously, if so how much have 
they done; self-rank their skills in folding, how easy or enjoyable was it; how long did it 
take (with a stop watch to record time)?  And then the researcher would rate the quality 
of the product on a simple 3-point scale, taking into consideration any potential 
cognitive or mobility issues that participant might have.  Such a technique of 
incorporating the instrument into the hands-on activities that feel more playful or fun 
might also help produce less frustration or testing fatigue for the participants.  To avoid 
issues with reading ability being a confound for younger groups, the facilitators could 
read the instructions aloud for the participants.  
 For the STEM inventory, a similar technique might be employed.  A survey might be 
used to ask participants:  What do you think a scientist does?  Do scientists have fun?  
How much would you like to be a scientist?   A pre-post evaluation design using such an 
evaluation might reveal whether the young learners have a sense of what STEM 
scientists do and how much the intervention affects the extent to which they want to be 
in a STEM field in the future.  As with the paper folding, a handful of such questions 
might help capture their perceptions, rather than feeling like another test. Of course, 
any new instrument would need to be evaluated and tested for validity and reliability, 
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using experts to examine content validity, pilot studies for comparisons with other 
instruments to examine concurrent validity, known group studies to determine if the 
constructs have been addressed appropriately, and pilot testing with purposefully 
chosen groups on final versions of the instruments. 
Conclusion 
This thesis set out to examine the effects of data-based 3D models and prints on spatial 
reasoning skills and interest in STEM, in particular for young female learners from 
underrepresented groups. The results indicate that although there is work to be done to 
engage young female leaners with STEM topics, the potential benefits are well worth the 
effort. 
In particular, this thesis investigated the development of STEM interests and 
spatial reasoning skills of young female learners at times when such young learners are 
forming potential identities in or with STEM. To do that, targeted programs were 
designed for use with females from different demographical groups, in upper 
elementary and middle school years, carried out across formal and informal learning 
environments, and led by female researchers in STEM. By interviewing and then 
applying the results from a series of recollections from diverse career women in STEM 
fields, the researcher aimed to strategically leverage the collective knowledge specific to 
the obstacles and challenges that female-identifying underrepresented groups can face, 
in order to guide and improve the interventions. 
 The findings showed that such interventions that utilize real world data 
manipulations and 3D applications as part of hands-on activities can be particularly 
effective for females from underserved groups who are in upper elementary and middle 
school.  An important finding from the study that extends the extant literature is that 
audiences younger than middle school should be encouraged to participate in STEM 
activities and interventions.  This thesis also adds to existing literature on how to 
determine the potential improvement of spatial reasoning skills. Namely, interventions 
shorter than 6 hours in duration for young female learners, or that are done in only one 
session, may not be enough to effect demonstrably positive change in such skills. 
However, the researcher underscores that another important contribution from this 
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thesis is noting is the difficulty the participants had with the spatial skills instruments 
used, and to a lesser extent the STEM inventory assessment.  Further instrument 
development that is specialized for these age groups and learning levels, and that is a 
less obtrusive part of the intervention is encouraged. Additional observational research 
should be conducted around the use of 3D-VR in such educational settings for similar 
audiences contributes towards increases in learning gains, engagement, and motivation, 
as well as provides accessible resources to help promote inclusivity to differently abled 
learners in STEM.   
 Further, this research demonstrated that young female learners both want to do 
STEM activities that provide authentic experiences manipulating actual observational 
data such as the NASA data used in Study 2, and they are excited when they can do such 
STEM activities with women researchers. There is, however, a difference that needs 
additional investigation, between groups having privilege and those with no or less 
privilege. In comparison with socio-economically disadvantaged female learners, more 
privileged female learners might start off higher in interest levels, but then leave just as 
high, which is also encouraging for potential STEM identities and pathways for the ages 
of the participants in this research.  Still, investing in younger and underserved 
populations in STEM, which is critical to help reach parity, must be researched via 
rigorously tested measures for age and cognitive appropriateness.     
 Going forward, this thesis holds promise for helping to engage girls in STEM 
research. This can be accomplished through mentorship and support systems for 
underrepresented groups in STEM, breaking down common stereotypes of “the genius” 
or perfectionism is important for female learners, and with interventions for 
underrepresented learners beginning before middle school age. Additionally, it should 
be noted that women who identify with underserved communities in addition to gender 
work under a hierarchy of burden, in terms of additional performance pressures, that 
the community should prioritize STEM materials with a Universal Design methodology to 
benefit all learners, and that policy issues must be addressed in the STEM community as 
a whole to benefit all learners and practitioners.  
 As a researcher (or mommy-scientist as my young daughter’s 5th grade friend said) 
in data representation and 3D modeling, the availability of the cutting-edge data sets in 
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3D used in this study that are able to be converted into 3D prints and VR or AR 
applications is currently expanding at a rapid rate. There have been significant 
improvements in quantity and platform reach even since the data for this thesis were 
collected. Such scientific and technological advancements are leading to a larger, 
expanded pipeline of spatial data modeled into 3D that can potentially further enhance 
authentic learning experiences for all learners in STEM topics, but particularly for 
underrepresented learners. These also could inform the development of the spatial 
reasoning skills that are so important for STEM. Using 3D data is not a novelty, but 
rather a tool for learning, with great potential for disseminating scientific knowledge to 
help diversify the potential influx of future researchers. However, it is crucial to 
recognize that the data and the technology are only one small part of bringing the 
Universe down to Earth for underrepresented young female learners.  It is the people, 
and the community support structures, that can help drive the most far-reaching, out-
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Appendix B. Selected Quotes from Coded Interviews  
Note that the number following each theme heading equals the number of comments for that topic overall.  
The number after each participant in this appendix indicates the number of quotes given by that person per 
theme. 
 
Influencers/Role Models (Positive & Negative) – Purple (101) 
• Radio Astronomer: 10 
• Computer Scientist: 9 
• Engineer: 7  
• Astronomer: 12 
• Geologist: 5 
• Mathematician: 10 
• Cosmologist:  10 
• Software Developer: 20 
• Technologist/Pre-medical Student: 7 
• Science Writer: 8 
• Astronaut: 3 
 
 “When I thought about what astronauts looked like, I had in my mind a picture of the Mercury 7 
astronauts standing in front of an airplane and they were all a bunch of old guys with no hair. And it 
certainly didn’t say to me, this could be you. It wasn’t until I went to college and Sally Ride came to 
talk, it just opened up that possibility of if she could do it then I could aspire to do it, too.” (Astronaut) 
 
 “Have you heard of the phrase “racism without racists?” It’s not like there were people who were 
being violent or verbally abusive or offensive or anything, more just like a general sense that there 
were opportunities and ways of being that other people had access to that I maybe had to work a little 
harder for.” (Technologist/Pre-Medical Student) 
 
 “… the disabled woman is by herself. I find that is true. I find myself very self-reliant, and I like life. 
But that has, that has a huge effect…on your performance in daily life. Because if I would be, if I 
would be an abled woman, I would have a way right to do my work…and to be [seen as capable]. 
(Computer Scientist) 
 
“Like however we choose to quantify representation, or do we see women equally represented. And 
then going beyond, like what about payscale? It's one thing to have like 50 percent of their staff being 
women but if they all make like 75 percent of the pay that a man at that same level would make, that's 
certainly not equity.” (Technologist/Pre-medical Student) 
 
 “Planetary science: my theory about women in science is that when there's a new field, that's when 
there's not as much of an ‘old boy network’ maybe or that's the way it’s been, and women can get into 
it.” (Software Developer) 
 
 “...communication you know public affairs, science visualization, I think you’ll find a higher 
percentage of women because I think a lot of my personal theory is that a lot of women are turned off 
by the, some of the traditional paths to a scientific career, they find it sort of the way feels a little more 
accepting and welcoming.” (Science Writer) 
 
Educational Experiences (65 total)  
• Radio Astronomer: 6   
• Computer Scientist: 9 
• Engineer: 1 
• Astronomer: 10 
• Geologist: 5 
• Mathematician: 6 
• Cosmologist: 4  
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• Software Developer: 11 
• Technologist/Pre-medical Student: 7 
• Science Writer: 4 
• Astronaut: 2 
 
“I feel like kids start to develop a sense of if they are “good at math and science” right around the same 
age that they start to develop opinions about their abilities as artists. And I'm just like, ‘You’re 6, you've 
never even had hot sauce. So how do you know that you don't like math?’ So, I wonder what signals a 
child has been receiving…what has changed” (Technologist/Pre-medical Student) 
“I noticed the classmates around me started to dwindle down and I'll never forget…I looked around 
the room and I was the only black woman.” (Astronomer) 
 
 “So it really was an astronaut thing originally. First it was like just looking at the night sky, and 
always loving it. And it was like I want to go to space…so I think that's where engineering came in...I 
did just really like the idea of how things work. Yeah very tactile.” (Radio Astronomer) 
 “...at that time being so, being so young, right? In my, in my late 20s and being, having such, such a 
young mind. I wouldn't dare to tell the professor you can't continue on this you'll explain what you 
were pointing out? You know... that this is the way it goes right. You put this equation here when 
you're if you're listening to me I'm tapping on a table. ...so what you hear is the chalk on the 
blackboard.” (Computer Scientist) 
 
 “...in the cumulative experiences that I've had, both in education and you know in my own research 
and policy told me that if you want people to participate, you need to flow the information through a 
diverse set of networks because...graduate students talk to graduate students. Women have their own 
networks and...tend to talk to women although you know you are for, you know you're collaborating 
with men a lot of the time. And one of the things, to get to the point I wanted language in the call 
about diversity.” (Mathematician) 
 
 “...you go to [elite technical university] and all of a sudden you’re surrounded by people that are 
smarter than you are. And that's a big thing. I thought I was pretty smart. Maybe not.” (Software 
Developer) 
 
 “When I went to college I noticed that there were very few women in my physics, math, and 
astrophysics classes. And that was, you know definitely eye opening to me at that point. It was a very 
small major at that point, you know there weren’t that many students in these classes but I think there 
was only one other woman who was in most of the classes with me...say there were ten students in the 
class, there was the two of us.” (Science Writer) 
 
Hurdles – Red (56) 
• Radio Astronomer: 4  
• Computer Scientist: 11 
• Engineer: 3 
• Astronomer: 10 
• Geologist: 1  
• Mathematician: 8 
• Cosmologist: 5 
• Software Developer: 7 
• Technologist/Pre-medical Student: 3 
• Science Writer: 2 
• Astronaut: 2 
 
“For a lot of women, myself included, after getting married and starting a job, it’s hard to go back and 
get a graduate degree. I think that's probably the main hurdle, and then if you start a family, that could 
be an additional hurdle, just your time that you are available to invest.” (Engineer) 
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 “I’m Hispanic, Afro, Afro Puerto Rican proudly...I have a physical disability and I'm a woman…and I 
think…if I would be a sighted woman in a room, how will it be? I would have lots more chances because 
when people talk to me they don't see the scientist. Once I lost my sight…the biggest shock was to notice 
that I didn't have access to the same amount and quality of information that I had when I was sighted.  I 
couldn't understand the professors…they were just pointing at things on the blackboard.” (Computer 
Scientist) 
 
 “I think the burden comes from having to compensate. Yeah that sometimes you get… cognitively 
tired. Right. Right. For having to compensate so much. You know most of the time I do not...most of 
the time, I think - why do I have to interrupt this person to explain? Sometimes I just stay at the back 
of the room.” (Computer Scientist) 
 
 “Because I need to understand the connection, so...switching and going off of this pathway felt lonely 
because I didn't realize that there were places like [science institute] that had whole departments doing 
outreach.  I just, in school I always heard it kind of being something on the side that you did...like you 
still were working but you kind of did it on the side occasionally going to a school. I didn't know it 
was a full time job.” (Astronomer) 
 
 “And so a lot of the problem is, is people you know having their own biases and their own sort of 
attitudes that, that make it, make it unpleasant for people who don't fit a certain mold.” (Cosmologist) 
 
Attitude Changes – Orange (44) 
• Radio Astronomer: 3 
• Computer Scientist: 3 
• Engineer: 3  
• Astronomer: 5 
• Geologist: 2 
• Mathematician: 8 
• Cosmologist: 5 
• Software Developer: 5 
• Technologist/Pre-medical Student: 3 
• Science Writer: 5 
• Astronaut: 2 
 
“The issues that I thought would be taken care of to some degree by now: the underrepresentation of 
women, you know the percentages that are extremely low…they haven't moved the needle very much. 
I'm in my mid 40s now and I remember hearing about these issues when I was a very young 
person…and that's depressing. I think what has changed, especially in the past couple years, is that 
there is more awareness, certainly of issues like sexual harassment.” (Science Writer) 
 
“Growing up in the 80s and 90s, there was a general understanding that getting more women into 
sciences is a good thing. There needed to be opportunities made and sexism was real …Then 
somewhere in the early 2000s, I started to perceive that people thought women were getting an unfair 
advantage. So, there was starting to be this kind of backlash where people would say, ‘Oh you know 
you'll definitely get a job. Everybody's trying to hire women.’ (Cosmologist) 
 
“I think acceptance for women continues to grow. I still see preferential treatment given to men 
sometimes. Often, I think female leaders are harder on the women and the male leaders are all, attitude 
of you know they have to work incredibly hard to get where they are so they're not going to make it 
easier for you…I think it's also dependent on the area where you are, I think there's a lot of differences 
in academia versus industry.” (Engineer) 
 
“When I was growing up, there weren’t a lot of girls being astronauts [to look up to].” (Astronaut) 
 
“I think there are some good changes that have happening I know statistics, statistics-wise was the 
number of women in STEM field has increased since my time. But one thing that hasn't changed much 
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since kind of going into the STEM field is the number of minorities who are getting their master’s or 
they're getting their Ph.D. And that hasn't changed. So it's a little discouraging.” (Astronomer) 
 
“Well that you know it shows, the experience shows the duality. You know you ask the question - 
have we seen progress over the time at least in my professional lifetime. We have, but there is still the 
underlying culture that I don't think will change until that generation moves on. Yeah.” 
(Mathematician) 
 
“And I think that my favorite favorite aspect of this trend is like really just we're getting young girls 
and boys involved in this idea of equality and equity and like women's rights because it's, I think for 
me... because I keep coming back to what's polarizing about it. I see like this if the movement could 
just figure out how this how to express itself in a way that isn't polarizing.” (Technologist/Pre-medical 
Student) 
 
“And the sexual harassment piece very much ties into the underrepresentation side of it. There’s sort 
of, you know I think there’s a better understanding of how two - those are two sides of the same coin. 
So you know and I think that in the past six months, that our society has become much more aware of 
sexual harassment outside of science too.” (Science Writer) 
 
Recommendations – Pink (41) 
• Radio Astronomer: 5  
• Computer Scientist: 6 
• Engineer: 1 
• Astronomer: 6 
• Geologist: 3 
• Mathematician: 3 
• Cosmologist: 3 
• Software Developer: 3 
• Technologist/Pre-medical Student: 6 
• Science Writer: 4 
• Astronaut: 1 
 
“I want them not to be scared - as we are not scared, right?” (Computer Scientist) 
 
“When I'm doing outreach events sometimes a young African-American is like, ‘Oh your hair is so 
beautiful!’ Others comment on what I'm wearing. I asked a colleague, ‘I don't know why they do 
that…it always catches me off guard. I want to talk about this cool infrared demonstration I'm doing. 
Thank you for complimenting me, but let's focus on this.’ But she said, ‘It’s because they see 
themselves in you.’” (Astronomer) 
 
“All these things, science can be just you know brutal. Oh you know I just worked 60 hours in a lab 
and 20 more on writing papers kind of thing, or the telescope or whatever people who publish first and 
most win. So you know if that's the only measure of success then a woman who is taking care of her 
kid or kids or you know a parent or whatever is going to be at a disadvantage. So it's retaining people, 
it just has to be a good quality of work/life.” (Science Writer) 
 
“But I want to be able to explain this to other people, that real world like I think there’s just so many 
studies that I'm sure you've read and I've read that's one of the connections to get our young women 
into STEM, is the ‘why,’ why is this important?” (Astronomer) 
 
“I think that there are ways to use the same language of…STEM, of math and economics to talk about 
how feminism and equality makes sense.” (Technologist/Pre-medical Student) 
 
“Yes so I think that, I think that in all of these areas of bias and privilege and stuff it is really, it’s the 
responsibility of the people who are in a position of greater privilege or power to work on making that 
change. You know, so I think that men need to speak up more against sexism. You know, white 
 240 
people need to speak up more against racism. People who are able bodied need to speak up more 
against ableism…” (Cosmologist) 
 
“And the Ph.D. to faculty pipeline is fiction. And I felt really excluded because they were basically 
saying if you didn’t have a Ph.D. you weren’t professional and there were a few of us in the audience 
who didn't have Ph.Ds who were doing serious work.” (Software Developer) 
 
 
Radio Astronomer Interview Transcript - Excerpts from Each Theme  
 
“So it really was an astronaut thing originally. First it was like just looking at the night sky, and 
always loving it. And it was like I want to go to space…so I think that's where engineering came in...I 
did just really like the idea of how things work. Yeah very tactile.”  
 
 “And so I think it's much more…since I got to [Ivy League university] and since I started doing a lot 
more sort of scicomm and also just working with a lot more peer scientists in other fields that I've 
become much more aware of the hurdles, the stigmatism, the sexism all of these things…so I feel like 
I  do have a position where I can advocate for grad students and undergrads, especially women and 
minorities.”  
 
“But strangely enough during my entire career I really didn't feel marginalized - does that makes sense 
- I feel like I kind of lucked into a couple situations where I had some of amazing female mentors. So 
at [Ivy League university] there were just some really great people both, both boys and girls like in my 
classes and all the engineering homework and everything else. A lot of teamwork and problem sets. 
But my junior year when we got into the stick of the subject there was one female tenured professor in 
the engineering department...and she, just in the last couple of years she's won a national award.” 
 
“...going back to the fact that there's so many amazing women in the field now that young early career 
ones, I think between us we're also trying to work in our little departments or in our other networks 
and groups, to both informally and formally try and help with retention...also potentially you know 
having informal interactions with women.”  
 
“So I think my big thing that I realized is when we talk about all these things about you know the 
percentage of women in the field, what I kind of feel needs to be focused on more is the person - like 
sort of equal access to everyone. In the sense that I don't feel like the field needs to be 50/50. Every 
field needs to be 50/50 or every field needs to match exactly but everybody should have the choice, 
like it should - the opportunity for it to be 50/50 should totally be there. Like every woman should feel 
that they have the option…and then also working from inside STEM to make sure that the culture is 
such that it doesn't push them back out once they get in.”  
 
“One of the things, so one thing I do for what’s in an area that I can control is for the public nights, I 
always try to make sure that whoever's helping with the Q and A, whether the teachers go around 
doing the Q&A themselves or one of the grad students or something else that they really try and call 
on a woman or a kid first.” 
 
“And I think [fashion start-up company] has been kind of fun just because it's created another 
community. And cool ways to express themselves and some of the designers that we work with are 
also in STEM fields and they're creating things inspired by women in STEM or they're using STEM to 
do them like 3D printed jewelry, and things like that.”  
 







Computer Scientist Interview Transcript - Excerpts from Each Theme 
 
“And, so in my Ph.D. I focused on the way...first to test, if a multimodality...it pertains to ...if multi, 
multi-modal perception was an option. I couldn’t ever find any, any literature that, that could tell me 
evidence, why multimodal perception or multisense reality was not being used in this field to go 
explore and explore the information. And, so I first decided to test if, it is useful or is it not…and also 
took a sample of data and analyzed.”  
 
“...at that time being so, being so young, right? In my, in my late 20s and being, having such, such a 
young mind. I wouldn't dare to tell the professor you can't continue on this you'll explain what you 
were pointing out? You know... that this is the way it goes right. You put this equation here when 
you're if you're listening to me I'm tapping on a table. ...so what you hear is the chalk on the 
blackboard.”  
 
“So my, my work at the…the [name], the [name] School for the Blind is that. What, what, what I'm 
trying to…what I'm doing is teaching them the concepts, right?...I use energy as the thread…because 
they can listen to energy, they can clap. They can shout very loud. They can relate potential and 
kinetic energy to different things in the world. And also, to…events in the sky...to be able to teach 
them properly in order to be able to ease the transition... from school level to University, from 
University to the professional field. They need to have something that they can use when they get to 
those levels.”  
 
“So then it, that was quite traumatic to me. When, when asking for a...people to read. Right, even 
classmates to read for me they, they would react…Their reaction was not positive at having to read a 
paper that had too many equations. And, how would I know that the paper was plagued with 
equations? Right. I have no way to know, see.”  
 
“The access to the databases is zero. It’s non-existent…so they also do not respond to our requests to 
work for accessibility…they did not respond, when we talked with different projects about the 
accessibility because we wanted to use the information. It's not only that we want to use the 
information, I have the right! Right. I'm a taxpayer and I'm paying for that information to be posted in 
an accessible way. And I don't have to wait any extra time to access my information.” 
 
“Now it is particularly is difficult for, for anyone to get a job and it is particularly difficult if you have 
a disability because people don't focus on how you will…not in the mathematics, not on the theoretical 
analysis. No, it is on how, the way that you will perform: the physical ways…Like, how will you get it 
done in a…timely manner right?”  
 
“But what happens is that…80 percent of the astronomers with severe disabilities that I know...they 
got trained, they got trained to do research…and they are doing...Education and People Outreach. It 
hasn't been their choice. See, and…if, if, if a number of years go by and they don't generate it’s going 
to be really difficult for them to recuperate. Right. So where is the metric of productivity?”  
 
“I think the burden comes from having to compensate. Yeah that sometimes you get… cognitively 
tired. Right. Right. For having to compensate so much. You know most of the time I do not...most of 
the time, I think - why do I have to interrupt this person to explain? Sometimes I just stay at the back 
of the room.”  
 
“In a year, for me to generate 3 peer reviewed papers. That is not doable. Right, right. Right now the 
access to information does not allow me to handle my background. The amount of knowledge needed 
in order to generate, a strong peer reviewed paper in my field. Not even, not even to generate a 
discussion.”  
 
“It goes ok until we get to that point, and I think my, my digital footprint is too strong. As soon as 
they, as soon as they realize that something is happening, they step back. So it’s not…because they 
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don't have the experience analyzing the solar wind. I mean, how am I going to build the experience if 
no one allows me to do research, right?”  
 
“… the disabled woman is by herself. I find that is true. I find myself very self-reliant, and I like life. 
But that has, that has a huge effect…on your performance in daily life. Because if I would be, if I 
would be an abled woman, I would have a way right to do my work…and to be [seen as capable].” 
 
“I get really surprised because I think that I’m…as I, as I told you that I'm in my own judgment I'm 
not performing at the top of my capacity. But other, other blind folks, they tell me - we want to do 
science at the level you do the science. And then I think, oh this is not good, this is not good at all!”  
 
“For me, even if I had all all A's or all hundreds in my classes I wouldn't have been chosen to go to 
special programs. Right. Why, why, why do we - why do we keep in this stupidity, the massive 
stupidity of only choosing people that have all aces? That is a massive, massive stupidity - it’s going to 
change.”  
 
“We want to do an assessment of the field, regarding the sciences in equality of participation. Equality 
of participation, and access to power and decision making in...in the science of astronomy as a case 
study.”  
 
“Now when, when I, when I'm doing my bachelor's degree, and I'm losing my sight. My confidence 
was not where it is right now. Right now even, even if I'm unemployed if I notice that something is 
happening I will...tell the person…you can’t continue talking about this subject unless you explain 
fully what you're talking about. You have to use descriptors, and - I will, I will ask questions right? I 
will also provide some guidance… because the people there just aren't used…to that level of 
inclusion.” 
  
“Now...people with disabilities, we are different among each other, as abled people are different 
among themselves. We are completely different. Aim is to create something that will allow me in 
a…in a flexible manner to personalize. To use my perceptual style is not only to accommodate, it’s to 
support and enhance the ways the person has to perform at their, at their own maximum.”  
 
 
Engineer Interview Transcript - Excerpts from Each Theme 
 
“And I've always been detail-oriented, and just wanting to know why and the how of how things work. 
So the scientific method of experimentation and fact-based knowledge has just always appealed to 
me.”  
 
“So anyone in STEM has obviously had to work hard and had a rigorous society and getting some of 
the ‘old guard’ if you will to listen to your point of view, it was often a challenge.”  
 
“I don't think it was that women were being necessarily diminished or held back…that was the job that 
they really wanted to do was held at the bench kind of work they didn't want to lead a research team. 
That just wasn't what they wanted to do. They wanted to do the more day-to-day like working hands-
on kind of a path. For some people, other people, there's different reasons why it is for them but that 
was something I saw more often than the reverse.”  
 
“But I think having a mentor and, and having a network of women that you can rely on and people 
who have that experience where you can ask questions and just gain from their knowledge base, I 
think that’s probably something that's huge for women and probably for men as well but I think 
women even more so because they are so underrepresented, trying to find someone that you can 
identify with, that may have some similar experiences to you, is really beneficial.”  
 
“The mentors earlier on tended to be more male, simply because of availability: there were a lot of 
males who were in the more senior roles. The people who were serving as the mentees, much larger 
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percentage of females than males…as time progressed the table kind of flipped around where the 
women were serving more as the mentors, which is kind of what’s going on right about now and then 
the level where the mentees are, it’s definitely more of a mix. In I would say a fairly short amount of 
time...changed to a much more even distribution.”  
 
“I think acceptance for women continues to grow. I still see preferential treatment given to men 
sometimes. Often, I think female leaders are harder on the women and the male leaders are all, attitude 
of you know they have to work incredibly hard to get where they are so they're not going to make it 
easier for you…I think it's also dependent on the area where you are, I think there's a lot of differences 
in academia versus industry.”  
 
“I guess for men and for women that there's just not a lot of glamour in becoming you know a chemist 
or engineer or something and the possibilities for what careers are available I think are often poorly 
communicated to students. Like, what can you actually do with a degree in STEM. Like what would 
your day to day job look like, and how could that evolve over time? So really what you can really do 
with your knowledge I think would make a big difference in trying to attract people, men and women, 
into the STEM field.”  
 
 
Astronomer Interview Transcript - Excerpts from Each Theme 
 
“So my interest in astronomy as a career path initially started out as really wanting to be a 
teacher...this weakness that I had, not really liking math, turned into a strength.”  
 
“How do - I how do I deal with a professor who doesn't support me, who doesn't want to write me 
recommendation like there's no class that teaches you how to do that. And if you don't have good 
mentors around you to help buffer those negative things you're just going to wash out. And so that's 
what I...try to focus on is kind of helping support them do the science they want to do but also giving 
them the interpersonal kind of the social skills to help them because you're going to face these things.”  
“...when he's mentoring students like it's for him...it was about building the community around them 
so they go out and they eat. They feel this sense of...unity that they belong because there's so many 
microaggressions and just outward aggressions that say you shouldn't be here. You know, kind of what 
is said to minorities. There's this...sense you shouldn't be here and so building that sense of community 
you say you belong here.”  
 
“And I think sometimes when people hear that you're coming from an HBCU they kind of 
immediately assume that you have gaps in your education or maybe you're not as smart, like it's not 
anything in what they're saying but it’s kind of an attitude - like you're here but you're only here 
because you're part of this special program because you needed it and that's, it - it's all these little 
microaggressions that begin to add up.”  
 
“Because I need to understand the connection, so...switching and going off of this pathway felt 
lonely…I didn't realize that there were places like [research institution] that had whole departments 
doing outreach.  I just, in school I always heard it kind of being something on the side that you 
did...like you still were working but you kind of did it on the side occasionally going to a school. I 
didn't know it was a full time job.”  
 
“I think there are some good changes that have happening I know statistics, statistics-wise was the 
number of women in STEM field has increased since my time. But one thing that hasn't changed much 
since kind of going into the STEM field is the number of minorities who are getting their master’s or 
they're getting their Ph.D. And that hasn't changed. So it's a little discouraging.”  
 
“But I want to be able to explain this to other people, that real world like I think there’s just so many 
studies that I'm sure you've read and I've read that's one of the connections to get our young women 
into STEM, is the ‘why,’ why is this important?”  
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“I hate that there's this constant I wish in the STEM field we could really get out of this path of this is 
the end-all, be-all Ph.D. because there are people like you, there are people like me, there are people 
all across the country who are doing EPO, are in the EPO field that are in the field and are worth - 
what they're doing is worthwhile and they're changing lives.” 
 
 
Geologist Interview Transcript - Excerpts from Each Theme 
 
“Yeah but I liked also geology and I just fell in love with when I first took the college class. I never 
took it when I was in high school but I, I took a first fall semester of freshman year in college because 
it was the one major area of science I'd never taken a class in. And just the combination of the science 
aspect and the art and storytelling aspect of geology just was wonderful. And at [university] the 
department was well known for sucking in majors from other departments like history and English and 
art and so it was, it was just a fun very, very imagination kind of focused science where you did - you 
did have data and you did you know you did approach it scientifically but you also had to start spin, 
you had to spin a good story to connect all the little bits of data together. And there was all that writing 
and everything was super fun.”  
 
“You know so it's it's hard for me to judge because as like I said I never really felt any particular 
barriers because of my gender. The first time I remember noticing that my gender mattered was when I 
was working as a basically a reporter for our website and interviewing scientists at meetings when I 
suddenly started realizing that some of the scientists were sort of creepy. There's a couple leering faces 
I remember in particular…”   
 
“And so then when I got to college, my first geology course was taught by the only woman professor 
in the department, a woman [name] who was just amazing. She was charismatic, tough but she also 
she, she was tough in a way that she would battle for her students and also force you to do better and 
stuff like that. She, she's the same adviser who helps connect me with grad schools and stuff…”  
 
“I just say that mentors are really important, and having multiple mentors is important, you know not 
just your adviser your adviser is not the only person. If you're at a department there are going to be 
tons and tons of people around you who have useful things to teach you...at the same time you're not 
entitled to their time. So you need to ask for help in a respectful way, and maybe offer something in 
return….”  
 
“I mean I know a lot of women who have experienced really career damaging events, and I think a 
huge problem is how tiny our field is. And so if you're in a particular subspecialty there is just no way 
for you to get away from people with you with whom you have a conflict of one kind or another. 
Because there's only so many people who have a certain expertise. And so until there is, until there are 
consequences for the particularly bad actors it's going to continue damaging the women in the field.”  
 
“So finding mentors and then finding community. So, and hopefully - if you're lucky you can find 
community in your own department. But if you can't, there are other places to find community. There's 
social media, there are - you know make sure that you are not isolated to find people that you can hang 
out with, that you can take time off with…”  
 
 
Mathematician Interview Transcript - Excerpts from Each Theme 
 
“...in the cumulative experiences that I've had, both in education and you know in my own research 
and policy told me that if you want people to participate, you need to flow the information through a 
diverse set of networks because...graduate students talk to graduate students. Women have their own 
networks and...tend to talk to women although you know you are for, you know you're collaborating 
with men a lot of the time. And one of the things, to get to the point I wanted language in the call 
about diversity.”  
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“I needed to be in the shop, in our shop huge create a turbine to create something that could could 
show how this would work with two fish tanks when on a higher temperature went on a lower 
temperature and I heard later on that the guy who ran the shop was eventually fired because he was 
making a you know, he was inappropriate with students but you know he was I guess being 
inappropriate with me and I never recognized it…”  
 
“And the math library, not the general library because I used to want, you know look up stuff in books 
that were only in the math library and I would be there pretty late and it wasn't, it didn't take me so 
long to realize that the women's bathroom closed at 5 o'clock because the only women in the building 
were the secretaries and they locked up the bathroom before they left because they made it nicer...and 
the first time I realized this, I had to walk in the snow to go to the bathroom and then come back to the 
library.”  
 
“The crazy thing is, that the people looked up to were the people who were the hardest on me...that 
caused me to ask whether or not I wanted to stay in research because there was some...it was a big to-
do about whether I was under too much stress because I had kids and I was trying to do grad school. It 
became a subject of a faculty meeting, and the person who was raising these concerns was this woman 
faculty member.”  
 
“One of my ways of responding to the women in STEM issues was I formed a group called the [name 
of a women in science group]. And the idea behind this group, I mean it was a group of graduate 
students, all the women graduate students. I guess there were, what maybe 10…but what, it was a 
quarter of the program. We would get together and ultimately our goals were to...try to figure out how 
to get more role models for ourselves….to suggest women scientists to come and give colloquium.”  
 
“Well that you know it shows, the experience shows the duality. You know you ask the question - 
have we seen progress over the time at least in my professional lifetime. We have, but there is still the 
underlying culture that I don't think will change until that generation moves on. Yeah.”  
 
 “I've seen in my life even as a mother, so for instance I had a long conversation with my son who is a 
senior in high school now….when the Google manifesto [Damore] came out. I had never had a 
conversation with him about issues in women  in science but he had heard about it and read the news 
coverage of it. And then I asked him what he was doing to help address the issues and he's like what 
me? What have I got to do with it?”  
 
 
Cosmologist Interview Transcript - Excerpts from Each Theme 
“And then I did a whole bunch of other research in college so yes I started early and I am really out of 
it and a lot of it was you know you know I was, I was fortunate to have some connections with the 
science community through my mom and also through the, the place where my school was located. So 
it was it wasn't, it wasn’t just like you know my own initiative. But, but I did, I did take advantage of 
the opportunities. So you know it was, it was a combination of luck and just being really really keen.”  
 
“And so a lot of the problem is, is people you know having their own biases and their own sort of 
attitudes that, that make it, make it unpleasant for people who don't fit a certain mold.”  
 
“The main one was a few years ago there was, there was a space mission called [name]. They were 
landing a probe on a comet and around the time of the probe landing on the comet, there was a press 
conference and during that press conference...One of the project's scientists was wearing a t shirt 
covered in like scantily clad cartoon women and several people, including myself, on Twitter said you 
know -  this is inappropriate...not something somebody should be wearing for an event like this. It's 
not encouraging to women in science and the backlash for [it] was just incredible.”  
 
“When I was a kid and, and also you know when I started getting involved in the stuff I was I was 
often the only girl around but I was also the youngest person around and so there was, you know I was 
kind of there was a lot of other it was just… yeah you know, I kind of saw myself as a singular figure 
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in some ways…I wasn’t looking for community per se, in that sense I was just trying to like you know 
keep up with what was going on around me.”  
 
“I talk to a lot of women in physics these days, young women who say that, you know their classmates 
make disparaging remarks about girls in science or something like that. And that was not something 
that happened to me when I was an undergrad, or if it did I didn't notice.”  
 
“So there are there are aspects of the career track which because of the sort of societal norms we have 
around relationships and the raising of children do disproportionately disadvantage women in that 
career space. And I think that, you know is kind of bad for everybody if you float around the world in 
temporary jobs making very little money for, you know until you're in your mid to late 30s.”  
 
“Yes so I think that, I think that in all of these areas of bias and privilege and stuff it is really, it’s the 
responsibility of the people who are in a position of greater privilege or power to work on making that 
change. You know, so I think that men need to speak up more against sexism. You know, white 
people need to speak up more against racism. People who are able bodied need to speak up more 
against ableism…”  
 
 
Software Developer Interview Transcript - Excerpts from Each Theme 
 
“We learned probability and I took an extra course in the evening on architecture…as far as spatial 
reasoning goes, that probably helped me as much as anything I ever did.”  
 
“...you go to [elite technical university] and all of a sudden you’re surrounded by people that are 
smarter than you are. And that's a big thing. I thought I was pretty smart. Maybe not.”  
 
“And I had to do. Basically I did all the spatial work. So all I had were images and I had to figure out 
what I was looking at on Mars. And the spectrograph slid out and I wrote it and I wrote it up in the 
spectrum processing pipeline, which strangely enough is what I still do. Broad spectrum processing 
pipeline.”  
 
“So, all the time I was at [elite technical university]  working, I, I started writing papers. So I had quite 
a few publications, so I was doing science and I didn't want to go back to grad school and stop doing 
science…so I never did. I tried to take a course once and I just couldn't do it because I didn't have time 
I had too much other stuff to do yeah. And so I never, I'm the only person I think that worked in that 
lab that didn't go get a Ph.D.”  
 
“I sort of hit a limit of things I could really do well. And I also didn't do really well in math and so I 
sort of had a crisis. I thought maybe I was going to be a teacher or something and not the physicist and 
I switched fields, to my second choice which was Planetary Exploration and took a bunch of courses 
in that and really got into it.”  
 
“I've talked to software people who feel like there's really just a caste system between scientists and 
the astronomers...what I do is astronomy in software and that’s how I've made my reputation. So it's 
like not a thing that people can follow in the footsteps of because I was in the right place at the right 
time.”  
 
“And sometimes it's a problem, like I can't go talk to the legislature about rights because I have never 
suffered. And my therapist says I'm just immune to microaggression. But to me, that's not exactly true 
but I'm mostly immune to it. I mean I don't have problems with microaggression because I'm a 
bicyclist, which is where I get the most aggression. And I'm not an aggressive bicyclist, I mean I'm a 
nice bicyclist, I try real hard to be anyway.”  
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“Planetary science: my theory about women in science is that when there's a new field, that's when 
there's not as much of an ‘old boy network’ maybe or that's the way it’s been, and women can get into 
it.”  
 
“And then there were a bunch of, there were sort of other women at other places that graduated in that 
group. And I, I was pretty narrow, a lot of them have done pretty well. So I felt pretty, like I had a 
bunch of, I regard them now as role models...I think I’ve hung around where there are, women have 
been well represented. They've been well represented in my circle, right.”  
 
“I mean it's I'm not always conscious of it yet, trying to be - figuring out when, when things are 
happening to me. In the rest of my life I tend to hang out with other women mostly. So...that's not 
totally true. But it's it's more true than not. And so I don't have lots of encounters where I feel like I'm 
being overridden.”  
 
“And the problem was that as people retire they were replaced with Ph.Ds. And all the Ph.Ds. that had 
been hired have been guys. Because relatively few women have been involved with just, th- this pipe, 
pipeline kind of stuff.”  
 
“I'm on the Program Organizing Committee for the [technical astronomy software system name] 
conferences and where there are 20 percent women. So it sort of matches astronomy as a 
whole…we're really trying for diversity and trying to include a fair number not equal, we can’t get 
equal men and women but we're trying to keep the levels of all the invited speakers to be a little bit 
higher than the percentage of women at the conference. Sort to try to push things upward a little bit.”  
 
“As trans persona, I felt really lucky in that all the different communities I'm part of have treated me 
well. And I don't know whether that's because it’s, I think it's a combination of the kind of community 
they are and how I'm a part of it…all sorts of things, so people were really receptive. And it's partly 
because they were good people and partly because I was really involved and I was actively doing 
stuff.”  
“I think about it a lot. I mean I think about how things got to be how I got to be where I am, why 
things are the way they are. In general it's like beyond just professional stuff. But in other parts of my 
life, why are some places real accepting? Why am I accepted? I mean I feel lucky because I can get 
along with almost anybody, and I think that makes me a good spokesperson.”  
 
“I like got to use, I had developed a philosophy and how code should be and how it should be 
shareable and usable and readable and all sorts of things. And I put that all to work on this package 
because I did, I have a…a sort of self defined job.”  
“I think what’s happened is that we've overproduced Ph.Ds. By a lot - it’s not by a little bit, it’s by a 
lot.”  
 
“And the Ph.D. to faculty pipeline is fiction. And I felt really excluded because they were basically 
saying if you didn’t have a Ph.D. you weren’t professional and there were a few of us in the audience 
who didn't have Ph.Ds who were doing serious work.”  
 
“And I think there are lots of ways you can be involved. This is my problem with the Inclusive 
Astronomy…it’s discriminating against a lot of people who might not get Ph.D.s but can contribute, 
and you're losing, what you really want is people that can contribute to the field. And that's the goal. 
Like make astronomy inclusive you want to make astronomy inclusive you don’t wanna just make an 
inclusive pipeline that puts people into data science.”  
 
 
Technologist/Pre-medical Student Interview Transcript - Excerpts from Each Theme 
 
“There were a lot of books in my house that had a lot of science content in them. These are things that, 
again I didn't realize until I got to college. That not everyone had the same childhood like...Some 
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people grew up privileged but their families didn't value education and that's a different circumstance 
for example.”  
 
“...I think that statistic right there can speak to why it was difficult for me to have like female mentors 
in STEM at [Ivy League university], because they weren't there.”  
 
“And what was amazing about [female scientist’s] lab is that...she's one of the she's one of a handful 
of like female faculty at [Ivy League university] that have labs, like honestly I think [Ivy League 
university] could really work on its representation in terms of having female science faculty.”  
 
“Like however we choose to quantify representation, or do we see women equally represented. And 
then going beyond, like what about payscale? It's one thing to have like 50 percent of their staff being 
women but if they all make like 75 percent of the pay that a man at that same level would make, that's 
certainly not equity.”  
 
“And all of the institutions that I have been a part of whether it was my high school or [Ivy League 
university or [private high school], I think have had really incredible politics and even if there have 
been moments of discomfort what's been really meaningful to me is that in all of these communities 
there's been a way to, to come together and to process these incidents and to be stronger and more 
aware as a result of that.”  
 
“And I think that my favorite favorite aspect of this trend is like really just we're getting young girls 
and boys involved in this idea of equality and equity and like women's rights because it's, I think for 
me... because I keep coming back to what's polarizing about it. I see like this if the movement could 
just figure out how this how to express itself in a way that isn't polarizing.”  
 
“But I think that's why it's maybe one of the most important things but just the, the recognition of the 
emotional labor that women can do in the communities and organizations that they're a part of. Like, 
the kindness, the office vibes, like thinking about how to say something -  considering other people's 
feelings and like the group dynamics offered by being sensitive to personality types.”  
 
“And I think that like early education is really formative in that sense, and having really strong 
positive associations with science from a young age is probably one of the best things that a young girl 
can be given and I think that's one of the reasons why I love spaces like the [name] Lab. And I did 
love seeing girls get excited to make a connection between, you know two different topics or 
something.”  
 
“I think that there are ways to use the same language of of of STEM, of math and economics to talk 
about how feminism and equality makes sense.”  
 
 
Science Writer Interview Transcript - Excerpts from Each Theme 
 
“When I went to college I noticed that there were very few women in my physics, math, and 
astrophysics classes. And that was, you know definitely eye opening to me at that point. It was a very 
small major at that point, you know there weren’t that many students in these classes but I think there 
was only one other woman who was in most of the classes with me...say there were ten students in the 
class, there was the two of us.”  
 
“...communication you know public affairs, science visualization, I think you’ll find a higher 
percentage of women because I think a lot of my personal theory is that a lot of women are turned off 
by the, some of the traditional paths to a scientific career, they find it sort of the way feels a little more 
accepting and welcoming.”  
 
“I found sort of equivalent colleagues that I relied on, you know as a sort of small group of people that 
does what I ended up doing and were responsible for, you know the public face of a multibillion dollar 
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mission...I definitely found those were people that I could call to because they were spread out 
throughout the country and in the world.”  
 
“You know I don't think that there's something that has kept me from doing something that I wanted to 
do, because I am doing what I want to do. I think the only thing that has prevented me from doing 
more sort of macro opportunities of finding you know, you know funding and like minded people in 
addition to you that like to do what you want…”  
 
“My former boss, my first boss, you know worked on a private hall space for women...so I knew that 
there was always issues. I mean it was never an overt thing necessarily but it was definitely you know 
there not for me directly but for...the community as a whole.” 
 
“And the sexual harassment piece very much ties into the underrepresentation side of it. There’s sort 
of, you know I think there’s a better understanding of how two - those are two sides of the same coin. 
So you know and I think that in the past six months, that our society has become much more aware of 
sexual harassment outside of science too.”  
 
“You know something has to be done about the perception of science as a whole and a perception of 
girls and women and their relationship to science. And I just have to go with and I think with a general 
thought process that science is some sort of specialized other thing separate from people’s day to day 
lives. It truly isn’t and I think that people including women and girls are able to understand that 
science is absolutely integrated into every day and every moment that we're out.”  
 
“All these things, science can be just you know brutal. Oh you know I just worked 60 hours in a lab 
and 20 more on writing papers kind of thing, or the telescope or whatever people who publish first and 
most win. So you know if that's the only measure of success then a woman who is taking care of her 
kid or kids or you know a parent or whatever is going to be at a disadvantage. So it's retaining people, 
it just has to be a good quality of work/life.”  
 
 
Astronaut Interview Transcript - Excerpts from Each Theme 
 
“As you go on… there’s always going to be more things to learn. And as long as you figure out how 
you learn, how you figure things out whether you like to write them down … whatever way is the way 
you learn, that’s how you are going to get the skills that are required.  
 
“I loved being a chemist, and there’s a lot of different parts of that, as you’re learning. And learning is 
really the key. And something that you might assume is that if you’re a chemist, well you’re just good 
at all kinds of science, and all kinds of math. But there’s other kinds of science, like physics, that - 
there’s a certain logic to… and when I think about those things, I get them, but I have to think about 
them hard, and I have to kind of think about them in steps… in other words, it’s not all that intuitive 
for me.”  
 
“I made a mistake… and I really just had to say, “Hey, ground, that was me, I did that.” And then I 
think the hardest thing was just saying, “Okay, where were we, let’s start again”  
“What I’m most proud of is that, you know, I was worried about that, I was nervous. And I realized 
that, as long as I had done my best to prepare, then no one could ask anything more than that of 
me….then on the day I did my best, to do a good job, I didn’t have to be nervous, and I didn’t have to 
think about how much it cost, or what if I made a mistake.”  
 
“We are a team [of women], and that when things are hard, we’re going to turn to each other and 
we’re going to solve our problems together.”“When I thought about what astronauts looked like, I had 
in my mind a picture of the Mercury 7 astronauts standing in front of an airplane and they were all a 
bunch of old guys with no hair. And it certainly didn’t say to me, this could be you. It wasn’t until I 
went to college and Sally Ride came to talk, it just opened up that possibility of if she could do it then 
I could aspire to do it, too.  
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The fact that this woman [the first American woman to walk in space] who was on this huge pedestal 
for me was willing to take almost an hour out of her day was really meaningful to me…I kept saying, 
‘I think we should get back to the symposium,’ and she would say, ‘no, this is part of my job and this 
is really important because we need more astronauts who are qualified.’  
 “When I was growing up, there weren’t a lot of girls being astronauts [to look up to].”  
 
“If space is where you want to go and what you want to do, then you can do that...And I’m hoping that 
you realize that if real people can go to this amazing, fantastic place and be astronauts - real people 
like me - then real people like you can do whatever you want to do as well.”  
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Appendix J. Information Sheet & Consent Forms for Participants: Heads of 
Programs  
 [19/006] 
[1 Feb 2019] 
 
Putting the stars within reach: The potential effects of NASA 3D data-based models and 3D prints 
on spatial reasoning skills and STEM interest in young female learners 
INFORMATION  SHEET  FOR 
Heads of Programs, Principals, Librarians 
 
Thank you for showing an interest in this project, which is part of Kimberly Arcand’s research for her 
PhD.  Please read this information sheet carefully before deciding whether to agree on behalf of your 
organization to allow participation.  If you decide to allow participation, we thank you.  If you decide 
not to take part there will be no disadvantage to you or your organization and we thank you for 
considering our request.   
 
What is the Aim of the Project? 
 
Spatial reasoning concerns mentally manipulating 2- or 3-dimensional objects to visualise what the 
objects represent. It is a critical skillset for most STEM (science, technology, engineering, and math) 
fields. Most researchers agree that the development of spatial skills in females is delayed as compared 
to males (Halpern, Benbow, Geary, Gur, Hyde, & Gernsbacher, 2007; Yilmaz, 2009). Recently, spatial 
reasoning has been shown to be improvable through targeted programmes (Gold et al., 2018; Hwang, 
Su, Huang, & Dong, 2009; Uttal et al., 2013; Yeh, 2007). This project investigates the effects of a 
targeted programme using astronomical 3D models and printing on increasing spatial reasoning skills 
and interest in STEM fields, for females aged 11-15. 
 
What Type of Participants are Being Sought? 
 
Female-identifying middle school students (ages 11-15) from a network of schools, afterschool clubs, 
and libraries known to the student researcher’s existing network. No reimbursement will be provided, 
as activities will be done during class or club time to reduce any inconvenience to the participants and 
their families.  We will, however, provide free NASA handouts and materials as a thank you for 
participants’ time.  A sign-up sheet will be provided at each location to receive notice of the resulting 
article or information after publication. All are welcome to this information, including those who don’t 
participate.  
 
What will Participants be Asked to Do? 
 
Should you agree to have your organization take part in this project, your students will be asked to  
spend a half day or full day in class/club/school, working with and exploring various 3D models of 
scientific data. That time commitment will include taking a spatial skills evaluation (either before or 
after the activities), a STEM interest survey (either before or after the activities), and a brief 
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demographic survey. Completing the evaluation and surveys will take no more than 10 minutes pre- 
and 10 minutes post-. 
Students who are not participating will also complete the activities; however, their ID numbers will 
indicate that their data should not be included in the analyses. Their activity sheets will be shredded 
immediately upon the conclusion of the workshop. 
 
Parents/legal caretakers of the students, and the students, will each receive a description of the 
programme and a form to complete for consent to participate (see samples attached). Those students 
who do not want to participate will take part in all activities but will not be asked to complete the 
spatial skills evaluation, STEM interest survey, or the demographic survey. 
 
We do not expect any adverse physical or psychological risks associated with participating in the 
research.  
 
No compensation will be provided to the participants; however, your organisation will be given NASA 
handouts/literature for the students, regardless of participation levels. 
 
What Data or Information will be Collected and What Use will be Made of it? 
 
No personal information will be collected (e.g., no names or other identifiers). The demographic data 
will ask each participant’s age, grade, ethnicity, zip code, self-rating in STEM, and approximate 
number of hours spent per day on video games. The data will be used in aggregate only.  
 
Only the student researcher and her advisors will have access to the data.  
 
All data collected will be securely stored in such a way that only those mentioned above will be able to 
gain access to it. Data obtained as a result of the research will be retained for at least 5 years in secure 
storage.   
 
Results of this project may be published and/or presented at conferences, and will be available in the 
University of Otago Library (Dunedin, New Zealand), but every attempt will be made to preserve 
participants’ anonymity. 
 
Can Participants Change their Mind and Withdraw from the Project? 
 
You may withdraw your organization’s participation, and any parent/legal caretaker or individual 
participant may withdraw from participation in the project at any time prior to the conclusion of 
the activities, without any disadvantage of any kind. 
 
What if Participants have any Questions? 
 
If you have any questions about our project, either now or in the future, please feel free to contact 
either: 
Kimberly Arcand or Professor Lisa F. Smith 
College of Education   University of Otago School of Social 
Sciences  
University of Otago   University Telephone Number: 
617 218 7196 (USA)    011 64 3 479 9014 (New Zealand) 
 Email: arcki929@student.otago.ac.nz               email: lisa.smith@otago.ac.nz 
 
This study has been approved by the University of Otago Human Ethics Committee. If you have any 
concerns about the ethical conduct of the research you may contact the Committee through the Human 
Ethics Committee Administrator (ph 011 64 3 479 8256 or email gary.witte@otago.ac.nz). Any issues 




[1 Feb 2019] 
 
 
Putting the stars within reach: The potential effects of NASA 3D data-based models and 3D prints 
on spatial reasoning skills and STEM interest in young female learners 
CONSENT FORM FOR 
Heads of Programs, Principals, Librarians 
 
I have read the Information Sheet concerning this project and understand what it is about.  All my 
questions have been answered to my satisfaction.  I understand that I am free to request further 
information at any stage. 
 
I know that: 
1. My organization’s participation in this project is entirely voluntary; 
2. Participation involves either a half day or full day of time in class/club/school, working with and 
exploring various 3D models of scientific data; 
3. Parents/legal caretakers of the students, and the students, will each receive a description of the 
programme and a form to complete for consent to participate  
4. Participants will complete a spatial skills evaluation (either before or after the activities), a STEM 
interest survey (either before or after the activities), and a brief demographic survey; 
5. Those students who do not participate will take part in all activities but will not be asked to complete 
spatial skills evaluation, STEM interest survey, or the demographic survey; 
6. I am free to withdraw my organization from the project at any time prior to the conclusion of the 
activities without any disadvantage, as are any parents/legal caretakers and participants; 
7. Personal identifying information will not be collected,  and every attempt will be made to preserve 
the participants’ anonymity; 
8. The results of this project may be published or presented at a conference, and will be available to 
both participants and non-participants in the University of Otago Library (Dunedin, New Zealand) 
and by a sign-up sheet in your organization;  
9. Any raw non-personal data on which the results of the project depend will be retained in secure 
storage for at least five years; 
10. There are no known adverse physical or psychological risks associated with participating in the 
research; 
11. No compensation will be provided to the participants; however, your organisation will be given 
NASA handouts/literature for the students, regardless of participation levels. 
 
I agree for my organization to take part in this project. 
 
 
.............................................................................    ............................... 





(Name of person - please print) 
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This study has been approved by the University of Otago Human Ethics Committee. If you have any 
concerns about the ethical conduct of the research you may contact the Committee through the Human 
Ethics Committee Administrator (ph 011 64 3 479 8256 or email gary.witte@otago.ac.nz). Any issues 
you raise will be treated in confidence and investigated and you will be informed of the outcome. 
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Appendix K. Information Sheet & Consent Forms for Participants: 
Parents/Legal Caretakers  
[19/006] 
[1 Feb 2019] 
 
Putting the stars within reach: The potential effects of NASA 3D data-based models and 3D prints 
on spatial reasoning skills and STEM interest in young female learners 
INFORMATION  SHEET  FOR   
Parents/Legal Caretakers  
 
Thank you for showing an interest in this project, which is part of Kimberly Arcand’s research for her 
PhD.  Please read this information sheet carefully before deciding whether to agree to have your child 
participate. If you decide to have your child participate, we thank you.  If you decide not to agree to 
have your child participate there will be no disadvantage to you or your child, and we thank you for 
considering our request.   
 
What is the aim of the project? 
3D modeling in science has become increasingly common in the past ten years.  This project will look 
at the use of 3D models in science by working with digital models, a 3D printer and/or a Virtual 
Reality educational application, to see if those activities lead to any change in your interest in STEM 
(science, technology, engineering, and math) fields or how you look at 3D objects.    
 
Who will participate? 
Female-identifying middle school students (ages 11-15) from schools, libraries, or clubs where 
Kimberly Arcand has worked, to take part in this project.  
 
No payment will be provided, because activities will be done during class or club time to make it 
easier to participate.  Arcand will provide free NASA handouts and materials to your  schools, 
libraries, and clubs as a thank you.   
 
If you’d like to know the results of this project, even if you do not participate, please use the sign-up 
sheet where we do the activities. 
 
What will Participants be Asked to Do? 
Should you agree for your child to take part in this project, your child will be asked to spend a day in 
class/club/school, working with and exploring various 3D models of scientific data. That time 
commitment will include taking a spatial skills evaluation (either before or after the activities), a 
STEM interest survey (either before or after the activities), and a brief demographic survey. 
 
If you consent to have your child participate, please give your child the description of the programme 
and the form to complete for consent to participate included in this packet. Both signed consent forms 
(yours and your child’s) should be returned prior to the day of the workshop, to the organisation’s head 
or principal, where your child will take part in the workshop.  
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If you do not want your child to participate, your child will take part in all activities, but their activity 
sheets will be coded in such a way that they will not be used as data, and will be shredded immediately 
after the workshop. 
 
You or your child may decide not to continue to take part in the project at any time prior to the 
conclusion of the activities, without any disadvantage to yourself or your child. 
 
We do not expect any adverse physical or psychological risks associated with participating in the 
research.  
 
What Data or Information will be Collected and What Use will be Made of it?  
 
No personal information will be collected (that is, no names or other identifiers). The demographic 
data will ask each participant’s age, grade, ethnicity, zip code, self-rating in STEM, and approximate 
number of hours spent per day on video games. The data will be used in aggregate only.  
 
Only the student researcher and her advisor will have access to the data. It will be securely stored in 
such a way that only the student researcher and her advisor will be able to gain access to it. Data 
obtained as a result of the research will be retained for at least 5 years in secure storage.   
 
Results of this project may be published and/or presented at conferences, and will be available in the 
University of Otago Library (Dunedin, New Zealand). Every attempt will be made to preserve your 
child’s anonymity.  If you or your child would like a copy of any results, please use the sign-up sheet at 
the location where your child participates.  
 
Can Participants Change their Mind and Withdraw from the Project? 
 
You may withdraw your child and she may also choose to withdraw from participation at any time 
prior to the conclusion of the activities, without any disadvantage of any kind. 
 
What if Participants have any Questions? 
If you have any questions about our project, either now or in the future, please feel free to contact 
either: 
Kimberly Arcand or Professor Lisa F. Smith 
College of Education   University of Otago School of Social 
Sciences  
University of Otago   University Telephone Number: 
617 218 7196 (USA)    011 64 3 479 9014 (New Zealand) 
 Email: arcki929@student.otago.ac.nz               email: lisa.smith@otago.ac.nz 
      
  
This study has been approved by the University of Otago Human Ethics Committee. If you have any 
concerns about the ethical conduct of the research you may contact the Committee through the Human 
Ethics Committee Administrator (ph 011 64 3 479 8256 or email gary.witte@otago.ac.nz). Any issues 








Putting the stars within reach: The potential effects of NASA 3D data-based models and 3D prints 
on spatial reasoning skills and STEM interest in young female learners 
CONSENT  FORM  FOR 
Parents/Legal Caretakers  
 
I have read the Information Sheet concerning this project and understand what it is about.  All my 
questions have been answered to my satisfaction.  I understand that I am free to request further 
information at any stage. 
 
I know that: 
1. My child’s participation in the project is entirely voluntary; 
2. Participation involves either a half day or full day of time in class/club/school, working with 
and exploring various 3D models of scientific data; 
3. Upon my consent for participation, my child will receive a description of the programme and a 
form to complete for consent to participate  
4. All participants will complete a spatial skills evaluation (either before or after the activities), a 
STEM interest survey (either before or after the activities), and a brief demographic survey; 
5. Those students who do not participate will take part in all activities but will not be asked to 
complete spatial skills evaluation, STEM interest survey, or the demographic survey; 
6. I am free to withdraw my child from the project at any time, and my child may decide not to 
participate at any time, without any disadvantage; 
7. Personal identifying information will not be collected, and every attempt will be made to 
preserve my child’s anonymity; the data will only be used in the aggregate.  
8. The results of this project will be available to both participants and non-participants. Results 
may be published or presented at a conference, in the University of Otago Library (Dunedin, 
New Zealand) and by a sign-up sheet in your organization;  
9. Any raw non-personal data on which the results of the project depend will be retained in secure 
storage for at least five years; 
10. There are no known adverse physical or psychological risks associated with participation; 
11. No compensation will be provided to the participants; however, NASA handouts and materials 
will be given to participating schools, afterschool clubs, and libraries as a thank you. 
 
I agree for my child to take part in this project. 
 
..................................................................................    ............................... 
       (Signature of parent/legal caretaker)    (Date) 
 
. …………………………………………………….. 
(Name of parent/legal caretaker - please print) 
 
.................................................................................... 




This study has been approved by the University of Otago Human Ethics Committee. If you have any 
concerns about the ethical conduct of the research you may contact the Committee through the Human 
Ethics Committee Administrator (ph 011 64 3 479 8256 or email gary.witte@otago.ac.nz). Any issues 
you raise will be treated in confidence and investigated and you will be informed of the outcome. 
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[1 Feb 2019] 
 
 
Putting the stars within reach: The potential effects of NASA 3D data-based models and 3D prints 
on spatial reasoning skills and STEM interest in young female learners 
INFORMATION  SHEET  FOR   
Participants 
 
Thank you for showing an interest in this project, which is part of Mrs. Arcand’s research for her PhD.  
Please read this information sheet carefully before deciding whether or not to participate.  If you 
decide to participate, we thank you.  If you decide not to take part there will be no disadvantage to 
you, and we thank you for considering our request.   
 
What is the aim of the project? 
 
3D modeling in science has become increasingly common in the past ten years.  This project will look 
at the use of 3D models in science by working with digital models, a 3D printer and/or a Virtual 
Reality educational application, to see if those activities lead to any change in your interest in STEM 
(science, technology, engineering, and math) fields or how you look at 3D objects.    
 
Who will participate? 
 
Female-identifying middle school students (ages 11-15) from schools, libraries, or clubs where Mrs. 
Arcand has worked, to take part in this project.  
 
No payment will be provided, because activities will be done during class or club time to make it 
easier to participate.  Mrs. Arcand will provide free NASA handouts and materials to your  schools, 
libraries, and clubs as a thank you.   
 
If you’d like to know the results of this project, even if you do not participate, please use the sign-up 
sheet where we do the activities. 
 
What will I be asked to do? 
 
Should you agree to take part in this project, you will be asked to:  
 
Take part in activities with digital models, a 3D printer, and/or a Virtual Reality educational 
application for a day in your class/club/school.  You will also be also be asked to complete a brief pre-
activity survey, a brief survey after the activity, and some demographics (like your age, ethnicity, and 
zip code).   
 
If you do not want to participate, you can take part in all the activities, but your activity sheets will not 
be used in this project and will be shredded immediately after the workshop. 
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You may decide not to continue to take part in the project at any time before we end the activities, 
without any disadvantage to yourself or your group. 
 
What data or information will be collected and what use will be made of it? 
We will not ask you for any personal information on the activity surveys (for example, we won’t ask 
you for your name on them), so we will not be able to identify you by your survey answers. Any 
information we collect will be used in aggregate, which means in combination with everyone else’s 
information. 
 
Only Mrs. Arcand and her PhD advisors will have access to the survey data,  and they will store it 
securely for at least 5 years in such a way that only Mrs. Arcand and her advisors will be able to gain 
access to it.  
 
We may publish the results of this project, or present it at conferences. The results also will be available 
in the University of Otago Library (Dunedin, New Zealand). Every attempt will be made to preserve 
your anonymity. Remember, if you’d like to know the results of this project, even if you do not 
participate, please use the sign-up sheet where we do the activities. 
 
Can I change my mind and withdraw from the project? 
 
You may leave the project at any time before we end the activities, without any disadvantage of 
any kind. 
 
What if I have any questions? 
If you have any questions about our project, either now or in the future, please feel free to contact 
either: 
Kimberly Arcand or Professor Lisa F. Smith 
College of Education   University of Otago School of Social 
Sciences  
University of Otago   University Telephone Number: 
617 218 7196 (USA)    011 64 3 479 9014 (New Zealand) 
 Email: arcki929@student.otago.ac.nz               email: lisa.smith@otago.ac.nz 
      
  
This study has been approved by the University of Otago Human Ethics Committee. If you have any 
concerns about the ethical conduct of the research you may contact the Committee through the Human 
Ethics Committee Administrator (ph 011 64 3 479 8256 or email gary.witte@otago.ac.nz). Any issues 
you raise will be treated in confidence and investigated and you will be informed of the outcome. 








Putting the stars within reach: The potential effects of NASA 3D data-based models and 3D prints 
on spatial reasoning skills and STEM interest in young female learners 
CONSENT  FORM  FOR 
Participants 
 
I have been told about this study and understand what it is about. All my questions have been answered 
in a way that makes sense. 
I know that: 
 
1. My participation in this study is voluntary, which means that I do not have to take part if I don’t 
want to and nothing will happen to me. I can also stop taking part at any time and don’t have to 
give a reason. 
 
2. Anytime I want to stop, that’s okay. 
 
4. If I don’t want to answer some of the questions, that’s fine. 
 
5. If I have any worries or if I have any other questions, then I can talk about these with Mrs. Arcand 
or send an email to her advisor, Professor Smith. 
 
6. The activities that I complete will only be seen by Mrs. Arcand and the people she is working with 
at the University. They will keep whatever I do private. 
 
7. My group will receive some NASA handouts and materials as thanks for helping with this study. 
 
8. Mrs. Arcand will write up the results from this study for their University work. The results may 
also be written up in journals and talked about at conferences. My name will not be on anything 
Mrs. Arcand writes up about this study. 
 
I agree to take part in this study. 
 
You Name – signature, please: ….............................................................................   Date:……….….. 
 
 
You Name – please print: ..........................................................................................  
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Appendix M. Women in STEM handouts  
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